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SUMM ARY

This four-part report deals with the metals niobi-um,, molytbdenum,

tantalum and tungsten,. The first 7Part desc-rib6 (a) physic'al properties,,
,(Ib), mechanical characteristics at various temperatlures f(unalloyed
;metal and main alloys) and (,c) oxidation behaviour. Reference is also
made to the Problems of protective coatings,, joining and fabrication.

Following on the examination of the present state of knowledge,
the second part of the report malkes recommendations for rese,rch and
development and stresses the :need for 'basic research, for production
d'evellopment and for research to develop new alloys,.

Since basic research appears to be essential for progress in
regard' to refractory imetals and their alloys, the third: part of the
report makes a detailed! study of the state of knowledge of each of
the metals in regard, to phase diagrams,, impurities (determination
and effeets), diffusion couples,, behaviour at high temperature under
exposure to different gases,, and protective coatings.

The fourth section contains a bibliography of the st.udies of four
,metals and their alloys.

669. 0:18. 15
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Pour ie qtratre jmtaux: niobium;, imly'bdki, talatiale, tiungste'nre, JIA
premiere part ie 'dli doiumen~t rnentionnue Iles pr'oprie'te' physiques,, ies
ca'ractr i st i~ue~s rn6 can 1ques auix di ffe're',tes temp6ratures pour l~re rnftrai'
non allie' et les princlpa-ux alliages., le comrpotement vis-a'-viss de
1" oxydation, e~t les prbl~ie de revetements protecteurs, et effi jles
provbrmes relatilfs au soud'age et A la fabritation.

,De P1examemn de la situation actuelle potur c.es quatre im'talu~x Ia
deuxi~me partie propse des recommandations pour 'ls reOherches et
de'velioppements, insistant plius particulie'rement sur les suj*etsg ldr
fecherthes -de base, de dieveloppement de la production et de la rechercthe
de nouveaux all iages.

'Les reehherches de base apparaissant conire I'4lem~nat essentie.1 pour
les progres futurs des allirages re/fractaires, I'etat des connaissanrce's
actuelles est dOvelopp6 dans une troisierne partie en examinanit
success ivement: les diagrammes de phase, les impuret6s (effets et
analyses), les couples de diffusion, le comportement 6 haute tempe'ra-
ture dans diffe'rents milieux gazeux, les revhtements protecteurs.

Enf in, une quatrirne ipartie comporte une s61ecti-on de references
concernant I' ensemble ides connaissances sur les m6taux re'fractaires
,et leurs alliages.

6.69@18.45
2a3ib
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INTROD) UCT lI@N

;Because of the increasing demand in aeronautical engineering for materials to
,Operate, at elevated temperatures,, metals with a hi:gh meltinig point, such as niobium,

molybdenumi, tantalum, and tungs-ten, and their alo~.are of special1 interest. Because
of their generally recognised imp:ortance ;and the major efforts ;()both in research and

development), which are stil l needed to make them available as prOdu'ct ion, materials, the

Structtireg and Mater iala Panel of AGARD has chosen, the subjlect of Refractory 'Metal, ;as
first priority for international cooperative res arch and development,

This document has ;been prepared with the aim of assisting the formulation, and,
development of common programs and consists O~f fourW parts,, as follows.:

Part 1I General summary of the state of the, art of refractory metals and threir alloys,

!Part II Recommendations for re'search and ,development,, covering the following (6, main,

items:

1. Alloy Development. 'Methods for the production of new refractory alloys

2. 'Coatings. Examination of the application of s'uitab'le coatinigs

3. Production 'Development. Methods of improvilng the production Of high

quality mill prod'uets

4. Jointng

5. Basic R-esearch. The main items are:-

5.1 Phase diagrams

5.2 Diffusion couples

,5.3 Impurity effects
5.4 New fabrication techniques

5.5 Oxidation studies

6,. Design Data. Main properties and characteristics requ ired by designers.

After a detailed examination of the above recommendations, the Panel decided that

their first cooperative program should cover the following five points:-

Production Development. A program based on the requirements and capacity

available in each country has been prepared.

Phase Diagrams. A list of the phase diagrams which need study has been
drawn up.

Diffusion Couples. A list Qf the diffusion co,up es recommended for
consideration has been prepared.
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Impu&r ity Effects. A orOgra for 'the exchanige of sample 66btween ;analytical
laboratorie ift each country to, d'et'ermift trh mat~t siuitable metbhodS of analysis,
,far impu~rities has been undortaken ;by a number of NATO, cauttries.

QAidat iMnStudiles. A detailed program, for coop~erative research on
det'eribrat ion, due to: gases is being jprepared,. in, coll aborat ion with' experts
from, elack'couintry.

iPart ITT Basic research , giving,, 'for each meta1,, the present state at 'knowledge from:
,all the paperg published (up to Ist :FebruarY 16 on the fiowing
si~bje'cts -

[Phase diagran.g

impurities '(e ffect and' anialys is)
'Di f fusion
,Behaviour in gaseo)Us environment at el1evat ed t Omprat ure
'Coat i~hngs,.

Part 1V Aplied research and de'velopment, with literatuwre refetences and a short
summary of the most important papers (Up to Ist Feibruary 19 a)n0 the
fol lowing subj ects: -

Genferal information:
Mineral resources
Production and purification processes
Sintering, melting, fabrication
Physical properties
Me chanical properties (unalloyed metal)
Mechanical properties (alloys)
Joining
'Miscellaneous.

It is felt that the references given in Parts III and IV are essential for the basic
knowledge of all research or technical workers participating in the different stages
of current or future programs.

R. SYRE
25th July 1960
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I NTHllIY1CTI ON"

Du fait des 'besoiins touj ours pltus pressants de 1' Aeronautique en *mat'riaux reitn
aux temperature e/lIev~eIes,,, I e m'taux pas'd'dant une t'emperature de fusion- 6 1'evee,. tel's
que Nbi, Moe, Ta,, W, et eividemment, 1 eurs tal agels, ,repr~'e~ntent une posi tion tout 'a fait
particuliere., *Du, fait de leur importante universellemiert 're'o'n;inu, et de leuiT haute
priObiitio, 'du fait eigal~ement des efforts consid'6rable;s (daus 1 a recherche comine dans'le'
dl'6velopp'ement) ui sent encore n'cessaires pour I es mettre au poit, 'le Pariel des
Mat(4ri.auxi & Structu-els a choisi de sujet des Me'taux 'R6fractair-es commne o/blecti f l 1o
pour 'Internat ional cooperative re se arch and devel1opment

'Le pr~sent document A e/te ehth1 dans 1e !but d' aider Fe tab I L.ssement et Au
d~v'l,1oppeent des proigramms communs. IA cet effet,,. i1 comppirtie

I Fine premi6,re part ie exposant 1' 6at adt"U61 des des iSne 'nitaua r/fractailres
et do louts alliages.

,II Fine deuxieme partie ips'4sentant les recOmmandations dan't 1es domfaineS de la recherche
et du d6velopgement,, divis,6e en 6~ points princcipaux:

1. 'De'v.elopipement des ail iages,, indiquant les voies dans resquelles -on peut
s'orierter pour 'obtentien de nouveaux all jages refractaires;

2. Couches protectrices, examinant comment assurer la re6al isation de couches
convenabl es,;

3. Mise au point des procede de product ion. Des perfectioninements sent ne/cessaires
aux precedes de production de produits laminks de haute quait6, et il est
recommand4 d'e'tablir un programme pou~r 1',4tude de pie-ces forgeoes et de t~les en
:mtaux r~fractaires;

4. Soudage, qjui est e'galement un problhme essentiel dans l'utilisation de des

m~taux;

'5,. Etudes fondamentales dont les points principaux sent:

5. 1 Diagranimes d'kcuililbre
5.2 Etudes sur la diffusion
5. 3 Influence des impuretes et analyse
5.4 Nouvelles m~thodes de transformation
5.5 Etudes de l'oxydation

6. Caracte'ristiques, definissant les diff~rentes caract/ristiqveS pDcessaires a
dkterminer pour 1' usage des constructeurs.

Apres us examen detaill6 de ces diff'rentes recommandations, le Panel a decide"

de faire porter les premiers efforts de Programmes Cooperatifs sur 5 points:

Mise au point des proce'des de production: un Programme de travaux base sur les
besoins exprimh et suir les possibilites d'e chaque *pays a 6t4 e'tabli.

Diagrammes d'e~quilibre: une listoe des diagrammes d' 4quilibre qu ' il est souhaitable
de voir e'tudier a 6t4 pre'pare'e.

DiffUSion: une liste des diffusion couples' *q'il est recommande/ d' 6tud'ier a

ix



Infituen-ce des I'hVpre te's:, on protgrame caf-robatst il'6chlange d'ichalhti ilohs
entre les laboratoires d ' analyse des dif ferents pays diang le but de savoir les
pracdeis d' analyse I es p1 lus aptes 'a la 44tetmiiat ion des imuur'et~s a e4 erntrep-ris
par un~ certatn inomabre des 0ays OTAN.

'Etadts de, UI oxydatie: un, program~me de~tail le pour une etude coope'rative, des
de/t~rorations dueg alux gaz est en pre6parat ion avec F'ai~de des pricipAlaix experts,
des dl ff~rents pays.

111 Une troisime partie rel ative aux 4tudes fondamrentai es iindi~quant, pour chacoun des
m'etaux, 1' 6.at des connaissances A' aprgs toutes les; pubic'ati~ori faites jumsqu' aul
ler .fevriler 1,50i, sur le's suv.ets suivants:

diagrames d' e'uilibre
- ifipuirete4 '(influencre - an-al yge)
di ffusion

-re'action en milieu gazeux i hlaute tempe'rature
-cou'ckes pro tectrices.

,IV Une quatrieke parti, relative aux appl ications et 'veloppements, Ti~iuant toutes
les r~ferences connues au ler- fevrier 1960 (avec iun court r~sume, pour les plUs
impo rtantbs),, correspondan t 'a:

- gae ral ites
-ressources minerales
-proce'dis de production et purification
-frittage - fusion - transformation
-proprie/tes p'hysiquels
-caracteristiques me'caniques (me'tal noin allie')
-caracte'ristiques mecaniques (alliages)
-soudage

-divers

Nous avons pense' en effet quie les refe'rences donne'es dlans les parties III et IV
sont essentielles 'a connaltre pour tous les chercheurs et techniciens amnes a
participer aux diffe'rentes Phases des programmes de'ja entrepris olu futurs.

R.. SYRE
25 juillet 1960
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NIOBIUM

PART I

THE STATE OF 'THE' ARIT

1. PHYSICAL 'PROPERTIES'

1(a) Density 8.t66 ig/,cn3', 0.311 1'jb/ in 3

0b) iMeIt ing Po int 2468'0 C, 4415 OF

,(0 Specific Heat 1.044 cal/g0 CO at 01(O, increasin~g linea.rly to
G.1157 at 6GG00C

<(d) Thermal Conducitivity 0. 125 cal/cm sec 0OC at 060C, inefeasing
inearly to ,. 157 at 6GO'0C

C(e) ,Mean Coefficient Of 'Thermal 7.0 x-10-'/'OC at 936C, increasing linearly
Expans ion to 7. 9-8, 1 x W 6 at 1'050 0C

(f) Crystal Structure Body-centered cubic

(g) ThermalNeutron Cross Section; 1. 1 barns per atom

(h) Emissivity '0.37 at a mean wavelength of 6500X

2. MECHANICAL PROPERTIES

2.1 Unalloyed NiObiM=

2.1.1 Static Tensile Strength (in kg/mm2)

Room Temperature 80,90 C :97GOC 10500,C 120 0

Ultimate stress (annealed) ' 28 to 42 29 18 11.5 7

0.201 offset Yield stress (annealed) 17.15 to 35 9 8 6.5 -

Elongation (annealed) ()20 to 30 25 3 43 4

The recrystallized annealedimetal possesses the highest diuctility.

The level of strength depends on insterstitial elements,, processing variables and the
amount of cold work.



NIOBIUM

.1 .2 Influence of imp ur ities (Oxygen INitrogen)

,(a) 'Effect on the 'metal Properties at 2:019,C (annealed: metal) *

Orygen 'U/btibmate Ten's ile /Elon-gction

6(p'er cent)'j 0g/u 2  ik/md ((per cent Y

0.0 2129 29
0642 5'6 117

1@. 20 4'9 63 17
'0 , 28' 56 70 20O
0. 32 6995 2
10. 37 74 9'5 110
R. 41 7691 ' 9

'('b 'Ef fect on the 'metal properties, at high, temperatures 1(annealed metal)

'Uit imate strength (rkg/mm2

Temperdare Oxygen (per cent)

(OC) 0.02 0.'04 0.0G6 0.,08 10.10 10.12 0. 14

300 30 45 62

509 28 32 35 3:8 40 143 48

(c) Hardness at 2010 C (annealed metal),t

00 M .02 10. 03 0.05 0.1 10.2 110.3 0.6 0.75

MV 60 87 100 160 200 240 300 3150,

02 + N2(%) 1:0.07 0. 1

MV __j 100 :~250 j30.0
The recrystallization temperature depends on the amount of cold,-workinig, as follows:-

Amount of Cold-working (9) Recrystallization Temperature (OC)

20 1260 -13'70

50 1090 -1200

85 1000 -1150

Tottie (Reference 98)

tSeybolt (Reference 1)

-2-



NIONI~UM1

Stress BRup ture Strength of
IT -!erature fieerys talii ized INb i(jf 'kg/mv

Ifor lives of'

O 'F 0Q . 11 hr 1 1 jhr 1,00' hr

11,600 870 1 - 6
1:800 98132 12-18 :2

:2000 l,090~ 8-14 109
21200 1200 19 '3K
2300 1260 71 ' -

'Cree(p Strength

A stress of 12 :kg/mm 2 give,, at 1 800F (98000),, a cretp elongation or 1% in ofile
hour and 2% in, four -hours (on Nb cold-worked).

2.2 AlIloys

2.2.1 Designations

A certain number of alloys are already at an advanced stage of development in the
United States; a general list is given below.

Tempe-
rature

Stress-Rupture recrys-

NO. Composition (f) Ulitate Tens ile Strength (kg/n') Strength (kg/mm') ta Ii-
(as extruded) for 1'0 hr. life (50 %n

- - - ____ ____ in Iihr)
Moi W Ta Ti Zr IC Room 1 090

0
C 1200-C113200& 1430

0
C 1090

0
oC, 1200

0 6 1260C 
0
CI

General IF 48 515j 1 x70 416 29 121 17 1r375
Electric [iFSO 515I '5 1, [x84 35 25 '14 11

rS 80 0.75 x 33+ 117
Fanstell IS 821 3 2.5 0.75 x 39 21 15 8 1~6

15 83 533 1 1 x7.***32 25

fa'1.0 101 701' 25 118 14 8 16 3
uPotID 411 6 20 10 'i.. 33 8 13-20,

FCb 7 2,8 7 102 29 [13

Un-ion I Cb161 20 101 [,3 36 '18 8
Car-bide 1Cb 651 710.8 x 16 11

Cb 74' 101 '5 63"' 26 21 13 1320

Westing. Ncl155 5t[ 5 '67 28

house Non1 1 5 x; 39

x Pesn i sall aWunts *Elongation 22 % as extruded
+ Annealed * 27 %

1.1. W 8 %
15 %



NOBUM

2.,2, 2 'Creep St,e ngth

Further data on alloy iDu Pont & 31 are given below,.

'Tempera tu're Stre'ess ,(kgAm 2'), Time (Ihr )Y to Produce

'OF q ', ,Def. '2% Def-.

2300 '  1260 - '. 0,84 0.. 167

2300 1260, 4 ,'.'2 OA

2610' 1425 '7 0i 025 0. '04

'260'0 1425 '4 (R. J12'5 ' '25

It should be noted that although, the primary fabrication, of the unalloyed itobium

is easy and is cold-worked genetally, very 'high t'emperatures '(1200 to, 11,0'00C) and
special tec'hniques must be used for the allOys,.

2.3 ModUlus of El'astcity 10.500 tO 11,,20:0 kg/mm2

Effect of temperature at least to 8,Z00°C and effect of alloying is small.

2.4 Transition Temperature

'2.4.1 ;For the unalloyed annealed metal of average purity (for instance,, C':0.01%,
02: 0.,012%, , Fe:0.'870, Ta:O.2%), 0the ductile-to-brittle transition tempera-
ture is less than -196 0 C. It is increased by coarse grain and the amount of inter-

stitial elements.

2.4.2 The conditions under which alloys are fabricated play a very importantpart.

As an example, the values of the transition temperatures for alloy D 31 are given

below (based on a tensile test):-

Cold-worked : -180-C to -130'OC

Recrystallized (400 ppm interstitials) : 0 to + 65OC

Recrystallized (1200 ppm interstitials) + 200 to + 230C

2.4.3 It should also be noted that, according to the amount of interstitial elements

(and especially oxygen), a strain-aging effect at + 150, + 180'0C is observed on
unalloyed niobium.

-4



INIOBfLUM

3. OX ID/ATION'

Oxidation Rate ,of Nb at Various 'Temperatures* in, Air

Temper ature ,Oxygen Phentratlion Interface RI'ecession Total

1000 '540 4 - 4

1200 60 4 - 4
1400 760, 12 - 1:2

1600 870' 31 46 '77

180G 91 39 47 86

2000 1,090 > '9:8 49 > 147

2200 1200 >4150 t(FO hr, only)

In contrast to the 'behaviour of molybdenum, the oxide of niobijum ,(Nb 2'0,') is relative lY

stable. However the diffusion of oxygen leads to scaling and .progressive attack and

embrittlement. Protective cOatings will probably be required at temperatures above
98'0,0C, but failure of the coating would ,not be expected to lead to catastrophic failure,.

Some alloying elements that tend to reduce the oxidation rate are Ti', LCr, Mo,, Zr, V,

Tat, producing alloys with an improvement in scaling resistance by a factor of 25 or

more, and in resistance to internal oxidation by a factor greater than this. Such
improvement, however, is probably still inadequate for the service requirements., and
such alloys imay be weak or unfabricable.

A general idea can be given in the following table:

Weight Increase (mg/cm2 )

after 100 hours in pure oxygen

8'00C 100'C 1200 0C

Pure Nb 3.600 6.000 24.000

,Single phase ,Nb al loys 20-5.0 70- 1:00 1 200

Two phase Nb alloys 8 12 16

Type 304 Stainless

Steel 9 10 800

Haynes Stelite HS 31 0.'5 1,0 30

Tungsten 600 6,000 60.000

For comparative purposes, the following table shows the behaviourof some of the
high strength alloys:

1,6 hours on samples 0.3 75 inch diameter x j in long

See, for example,, the work of Klopps, Sims and Jaffee (Battelle Memorial Institute)

-5-



NIOBIUiM

kl'loy b'6" 'D41 Cb 1F5 b5F48 82 1Unalloyed1

(Oxygen Contamination
((depth in mil's) after ~7 12 '17 '218' 321 !56 '75: 11 450,
G0 'hr at '1'20GQC in AirI

It appears that pure niobium can be sueossf'tlly protected by coating~ up to, 1150 0 .
The coating ;of oxidat ion- res istant alloys would conceivably extend the service limit
and time. 'The upper temp'erature lilmit would still be about 13GG00 C for -existing
woatings, ibut re''-eAach ef fort may e'xtend this 1imit to 187,'OCL -Or mor'e. 'Porcelain
enamels seem to offer 'considerable promise~. ,Work in, progres, 'on zinc coatings also
offers consi'derable 'otomis .f t'1'5 0

5. MELDING

'Niobium can be welded by vacuum or inert atmospihere tech'n iues. As the metal under
goes no phase transformation,, such weld's can be as ductile AS the base metal.

Work is in progress on alloys to determine th e p urity level required to lower the
transition temperature to the point where they can be welded: and remain ductile at
room, Or low temperatures.

6. FABRICATION

Niobium is much More ductile than molybdenum or tungsten, and can be much more
readily fabricated by bending, drawing, etc. There will, however, ;be further problems
in the fabrication of alloys.

7 milr, at 11OO'cF (593 0'))

-6-



MOLYBDENUM

M 0 'L Y B D E N U M

'The following daa r efer to, pure molybd'enum and the alloy with 0.15%, titanium, both,
being commercially available. Alloys containing titanium, z.irconium, and Carbon have
improved properties,, principally higher recrystallization temperatures,, but are- at an
ear.lie,, stage of commercial4 4evleopmeit.

1. PIIS-ICAL IPROPERTI'ES

((a) Density 10.22 g/cm,:; . 36,9 l b/in3

('b) Mel ting Point '26,22 + 1 0 CQ 475'00F

('C), ;Specific Heat (6.'5 9 'cal/gC rat O'0 ; 4.1075 cal/g'0 at

475 0C

,(a) 'Thermal (Conductivity 6,. 32 ca/sec cmO' at GOC

'0.26 cal,/srec cm0 C at 14734C (26 85 0 F)

,(e), Coefficient of 'Thermal 5,. , x ,06 per 'OC at 27 0C (80'0 F)
;Expansion 5. 5 x 1l0m, per 'QC at 1:00010C (183'F)

6,.,2 X 1,0-6 per 0C at 1,50G0C ('2730 0F)

i(f) Crystal Structure Body-cente red cubic

,(g) Thermal Neutron Cross Section 2.5 barns per atom

(h) Emissivity (total) 0.,08 at 5000C

0.13 at 1,000 0 C
@.24 at 2@0010 C

2. COMPARISON BETWEEN METAL 'MADE BY POWDER METALLURGY
AND CAST METAL

The current process for producing molybdenum by powder metallurgy consists in
compressing the cold powder under pressure of 12 to 25 kg/mm,2 into the form of long
bars, and then sintering the bars (,with or without previous sintering at 1000C) at

20O6-234OLOC in hydrogen or in vacuo.. Sintering in, vacuo usually necessitates the
addition of deoxidants to the powder. Heating is done either by passing a current

through, the bar, or by radiation or induction. Objections to this form of feed process

are that weight is lIm ited! (30 to 40 kg) and bars are not convenient.

The Westinghouse process uses a sintering at low temperature (15,00-1700C) in a
hydrogen atmosphere saturated with water vapour, which results in a reversible reaction

of oxidation and reduction leading to a product having a density approaching the

theoretical density. The sintering can therefore be performed in a radiation furnace
with a molybdenum resistor, which, makes it possible to manufacture the :metal in any

required form. Also,, the grain is very small. The powder is previously compressed

,under hydrostatic pressure at 10-20 kg/mm L?. Batches of 2.00 kg are normally produced:.



MOLYMMEUM

MA0 L Y B D E N Ul M

The fbilowing data refer to, Pure molybdenum anid the alloy with 6.15% titanium, both
being commiercially available. Alloys Containing titafii, zirconium and carbon have
improved properties,, principally higher ?ecrystallizationt temperatures,, but are at amri
ear~lier stage of commercial, development.

1. PUYSICAL PROPERtTIES

(a) Density 10.22 g/cm!': 6.390 lb/in3

(b) Meltinig Poinit 2-622 ± 1016C, 47500F

(C) Specific Heat 0,;059 Cal/&0  at P; 0,075 Cal/gdC ait

(d:) Thermal Coniductivity 0.2 cal/sec cm0C at V0C
0.26 Cal/Se chiC at 1418'0C (2685 0F)

(e) Coefficienit of Thermal &i 1 x, 1076 per 0Q at 270C (860F)
Expansion 5.5 x 1O 6 per 60 at 100000 (18-306F)

6.2 x 10"6 per 0C at 150060 (27300 )

:(f) Crystal Structure gody-Centered cubic

(g) Thermal Neutroni Cross Section 2.5 barns per atom

(h) Emissivity (total) 0.08 at 500,00
0.13 at 100090
,0.24 at 20000C

2. COMPARISON BETWEEN METAL MADE BY POWDER METALLIVRGY
AND CAST iMETAL

The current Process for Producing molybdenum by Powder metallurgy Consists in
compressing the cold Powder under pressure of 12 to 25.kg/mm2 into the form of long
bars, and then sintering the bars (with or without previous sintering at 10009C) a
2000O 23400C in, hydrogen or in vacua. Sintering in: vaclua usually necessitates the
addition of deoxidants to the powder. Heating is done either by asn current
through the bar, or by radiation or induction. Objections to this form of feed process
are that weight is limited (3,0 to 40 kg) and bars are not convenient.

The Westinghouse process uses a sintering at low temperature (1500-1700QC) in a
hydrogen atmosphere saturated withwatr vaor hich results in a reversible reaction

of xidtio ad rducionled-ag to a product having a density approaching the
theoretical density. The s intering can therefore be Performed in a radiation furnace
with a molybdenum resistor, which makes it possible to manufacture the metal in any
required form. Also, the grain is very sma. The powder is Previo sly compressed
under hydrostatic Pressure at 10-2 kg/mm2. Batches of 2.00 kg are normally produced.
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MOULBDENUM

Generally speaking, the properties of molybdenum and' its alloys made either by
powder metallurgy or by cotrsutnabl'e arc mhelting are similar, provided! that the struCture
and impurity percentages are similar. The following dif ferences Occur: -

A pure'r product is Obtained iby consurnable art meltinig in, vadmo, greater ductility
beinog d'evel'ored.

The products Obtained from powder metall[urgy (fine grai n), are more easily workable
(initial breakdown) than, cast iligots (coarse grain). AS far as the latter are
concerhed, it is necessary to perform an extrusion first.

,Cast alloys appear to 'be more homhogeneous thant powder a llo 6Ys.

The addition Of easily oxidisable alloy elemfents, e.g9. titanium or Zirconium in
arc melting, leads to the formation of a ternary alloy MO X XO., the XO being an
isoluble dispersion, contributing to strength at elevated temperature. The Same

result can be Obtained in powder alloys by the direct addition of the contemplated
oxide.

A larger ingot cant be Obtained by casting than by powder metallurgy.

The fabrication Of powder is less expensive, because the losses in fabrication
are less. Froth 100 kg of molybdenumn Powder, it is possible to obtain 65 to 75 kg Of
Sheet by powder Metallurgy, or 35 kg of sheet by casting. Scrap reclamation is
therefore an important problem

Production by casting is steadily increasinig in :the United States:-

in 1957 500 tons of semi-manufactured product5 (80%7 by :powder, 20% by casting)
in 195 750 tons of semni-mnanufactured products (50%1 by powder, 50.7 by casting)

3. MECHANICAL PROPERTIES

3.1 Static Tensile

3.1.1 Unaqloyed (as-rolled): Tensile strength, 70-80 kg/mm2. yield strength,
53-60 kgmm2 (0.1 % offset), Elongation: 6-i8%.

3.1-2 4104.501 TiO Tensile strength, 80 90 kg/MM 2; yield' strength, 66-70 kg/mm?
(Q9.1% of fse t); elongation, 13%.

-8-



MOLBDENM

3.2 Modulus of E'lasticity

Tevnpei-ature Modulus (fkg/mm2 )'
0C O Arc Cast 1 owe

27 80 0,0 v3 , 600 
I

635~Ia 117 2870

870, 560 2.00

3.3 Transition Tenverature

The imPact transition temperature for ifth. diamieter bars is UsualIly in the range
of 260&480'6C for both, pure mWlybdenum and for the Mo4A.% Ti alloyi The tensile
transition, tem~perature for smooth specimens would: be in the range of 4o0 to about
+1006P (a46 to +4t)~ The type of stress system has a large effect on the transition
temperature; a sharp notch can, raise the transition temperature 90010C above that Of a
smooth specimfen,

The transaition temiperature depends -largely on t Ihe quantities Of interstitials.

The typical characteristics just given, are for molybdenum cast in vacua, extruded
aid, rolled, having the following impurity percentagesia oxygen 0G.005%, carbon,
0.02%, nitrogen :.OGAN.

Examples Of the influence of these impurities on the transition temperature (under
constant test conditions) are*'-

Oxygen~ Transition T Nitrogen restnT cabn TransitionT

(7)(OC) M1 4
100 (0/0 (OC)

0. 0001 -60 0.:0008 -40 0.003 40

0.0002 + 200 0. 00,14 60 0.006 -30

0. 006 + 200 0.0037 + 40 0.008 10

0.0330 + 140 0.010 0

0.20 + 40

0.024 + 50

(igh purity molybdenum* 809C)

Other factors that play an important part in the ductility of molybdenum are:-
the orientation of the structure, the lack of recrystallization, the grain size.
annealing temperatures, and the, conditions under which annealing was carried out, i. e.
the history of the operation Lid the atmosphere. The effects of these factors are
such as to prevent a sample of the metal being described Completely by its chemical
Compvosition.

41Olds-(Ref.748)-

9-



LYBENIM

-3,4 E1evated-TeneratUre Tensile Strenigth (under heliuzm)

Pure Molybdenumt Ato-0.5 Ti Alloy

Tempeature iTen~sile Strength El onga t ion Tens ile Strength Elbagatioit-
(;_ /m. ) (kg/mm2~ 4%

1600o 870 36 24 61 17
1800 9,80 321 310. 46 H 25
2000 10'90 18 40 42* .15

24,00 1315 IS 24 21
2:500 1370 11 538 14 539
27,5G 1510 7 '53 110 53
300o 1650 59 7 5

.5 Stress-Rupture Strength under Heliumi (,kg/MM,2)

:18006 (.086 0C) 2000F (10906C), 2.0066F 30 06F 45300F
(1600 Q) (2666 0C) (250C

0.lhr lhr lO0hr- 0.lhr lhr lO6hr lhr lhr lhr

Unalloyed 28 23 15 25* 18 9 6 1 0.5
Mo +0.5 Ti 54* 49 37 52* 43 24
mo+,o.5 Ti +.O7Zr - 70* 49 - 60' 36--

3.6 Cree-p Strength

Creep and Stress-Rupture Properties of 0.5% Titanium:Alloy
Coated with Chrooialloy W-2 Coating (in 'Air)

Temp Stess Time (seec) to obtain Tie(e) Total
0  c k/m creep s train of toRptr longat ion

1.07o 2.0%o 3. 0% 4.07. 5.% (%) M

2400 1315 20 180 280, 296M - 300 7
2600 1425 71 37 82 122 266 - 272 8
2600 1425 5 860 1800 2900 3810 4900 5400 f 5.8
2800 1540 5.5 57 180 336 505 663 1405 14
2800 1540 4 1474 2520 - 3300t 2.5
3000 1650 3.2 56 113 170 214 246 290 12
3000 1650 2.8 252 472 700 835 1060 13,80 13
3000 1650 2.5 238 720 *** - ~ 28,83 16

*Estimated

*Extensometer slipped off speimen

tTest stooped at this time and elongation



MOLYBDDI4

3. Other Alloys

'ultimeate 'Tenis 16 tgth Strt -uptur

Comnpos on ( ) (kg/Omm2 ) '  Strength (.kg/mm2)
(as extrruded) Tfr 100, hr. Life

Ti Zr C W 120000P 138,00 150000 2,0o 12 C 13,000V

0.5 0.06 0.04 (1) 49 36 18 215

1.25 0.15 0.15 (2) 43 3'2 2 24 18

0.05 0.02 15

0.5 0, 05 310 20

0. 1 0. 05 25 40-49 - i0

(>alloy TZM (2) alloy TZC

S'Estimate.

4. OXIDATION AND COATINGS

Unpro.teted, molybdenum begins to oxidize at 2506C and oxidizes very rapidly at
temperatures above 850 0C in air under atmospheric pressure. The Oxide has a melting
point of 795oC but is already volatile at 7000C, exposing metal for progressive attack.

The rate of oxidation in still air is in the range 1400-2000 mg/cm? h.r. It increases
with increase in the velocity of the air. The oxidation rate in air decreases with the
pressure, in particular with the partial pressure of oxygen. From the values obtained,
the oxidation rate at 113800C at an altitude of 175000 ft is 1/100 of that obtained
at normal pressure. The oxidation rate is also decreased in reducing gases such as
combustion gases. A life of 100 hours is obtainable at 14279C. Gulbransen (Trans.
Electrochemical Society, Vol.91, 1947. p.594) has shown the influence of oxygen pressure

on the oxidation rate.

A number of systems that protect molybdenum against oxidation have been developed.
All the systems are subject to limitations. As a result no one protective system has
become predominant over the others and intelligent application requires knowledge of
the advantages and limitations of the various systems to enable the most suitable
system for the particular application to be selected. For instance, the use of a
particular coating process may depend on whether the process is to be used on mill
products or on finished parts,

Complete surveys of the protection of molybdenum are,-

Harwood n The Metal Molybdenum (ASM, p.420)

Bartlett - Defense Metals Information Center TR 109

Buckle L La Recherche Aronautique, November 1957, p.35



MOLYBOENLIN

R, Jaffee w Protection, against oxidation, Materials AdVisory Board Report on Mo
(to Tbe published,)

fR. Saffee- Pabricaticn, of Molybdenumi (ASM, 1959, p, 119)

Mactoud &Metal Progress, August 1958.

Meta lie coatings for molybdenum, are almost invariably nickel or icikel, base alloys
of the order of 0. 0O2 to 6.0,03 in, thick. The advantage of coatings of this type is
that if local breakdown occurs, e,.g. by oxygen penetration at local defects or by
d:iffusion Of the base retal, the oxidation prod uct is nickel molybdate, a relatively
refractory compournd , whereas molybdenum trioxide is volatile and; iron, molybdate is
relatively fusible. Unfortunately nickel molybdate spalls during cooling and for this
reason the nickel type alloys are not outstanding in their resistance to thermal
dycling.

Chromium is usually present in metallic coatings in order to ifmprove oxidation
resisgtance. in multilayer electroplated coatings, chromium is next to the molybdenum
so as to retard diffusion of nickel and to improve adhesion,. The high ductility of
nickel and nickelehromium coatings fits them for applications where formability a d
resistance to impact are required. Such Coatings will withstand a few hundred hours
in air at 10906G.

Roll clad nickel has good impact resistance and ductility in bending but Incone] is
better at 986T°. Such coatings are in part self-.healing but start to melt at about
130O.0, Now to obtain efficient protection at edges is a big problem ifn parts that
are not plated after fabrication.

SpraYed coatings based on, aluminium are somewhat less ductile than the nickel or
nickel chromium coatings, but have improved resistance to thermal Cycling and erosion.
Chief among these are the spray coatings of aluminium:with refractory powders such as
aluminium silicon chromium. Although these coatings are relatively brittle at room
temperature they have sufficient ductility when hot to enable some distortion of the
part to occur without rupturing the coating. A coating of this type may be used at
higher temperatures than are feasible with nickel base coatings. Such a coating has
some self-healing tendencies but, in common with other sprayed coatings, it can be

applied only to relatively simple shapes without recesses or areas difficult of
access.

Vapour-deposited, flame-sprayed, or paint and sinter coatings that have molybdenum

disilicide as the outermost layer are relatively brittle, even at elevated temperatures.
The maximum temperature at which they will afford protection is very high, which limits
their use on alloys with high recrystallization temperatures. Silicide coatings have

the advantage of being selfehealing, as a silica forms at discontinuities.

Ceramic type coatings also have been investigated. These are usually combined with
metal, otherwise they would offer little protection. Typical mixtures are glass and
Cr-Ni-B, or chromium powder plus frit. Such coatings are thick and very brittle at

room temperature but some plasticity in the glassy phase permits limited deformation
at high temperature.



Irnportarzce of Therml Shock

The resistance to, thermal shoc k is proportional to

TR

aEde

where T Is the thermal conlductivity. R is the ultimate tensile streng th, A is the
coefficient of thermal ex~pansion, E is Young's modulus, d is the density, and!
e is the specific heat.

The low coefficient of expansion (5 x 10" at 1100 0C), Of molybdenum confers On, it
a high resistance to thermal shock, but the difference between the expkanson coefficients
of the !metal and the refractory coatings available is a primary cause of failure of
coatings. Thermal shock tests (cycles of heating and cooling) vary considerably from
one laboratory to another and there is need to standardise the test, Examples of tests
now being :used are as follows:-

(a) Heat in furnace at 9800C, attaining temperature in 30 seconds, soak for 15
seconds and cool in air for 45 seconds.

(b) :Heat in jet at 1-4501C f or 15 Sreconids, quench in liquid nitrogen (30 cycles of
,heating and cooling are used).

(c) Heat in jet at 1090 or 13700C for 12 seconds, cool in; air jet for 18 seconds.

(d) Heat at the appropriate rate (surface heat transfer coefficient up to
0.03 cal/cm 2) in a temperature-controlled air fluidised bed and Cool in a
similar bed at room temperature (Maximum heat transfer coefficient 0.02 cal/cm2).

5. WELDING

Welds in molybdenum have been made by a variety of processes. At Present shielded
arc welding is the most highly developed process and has been the most widely used.
Early work on the fusion welding of metal prepared: by powder metallurgy methods showed
that cracking and weld porosity were the major defects encountered. The use of carbon
de-oxidized arc-cast ;material with appropriate shielding has largely eliminated these,
,but low ductility of welds at room temperature is still a major deterrent to the use
of m lybdenum for many applications,. In shielded arc welding the molten molybdenum
should be well shielded from the atmosphere with argon or helium containing less than
0.005% oxygen. Leading and trailing shields are desirable if the welding is done in

the open.

Percussive and ultrasonic welding methods result in welds without recrystallized
areas, thereby reducing brittleness, but improvement in the ductility of the unwelded
material is necessary if brittleness is to be eliminated.

When titanium and carbon are added to molybdenum they tend to behave as de-oxidants
and welds in alloys containing titanium and carbon may be somewhat more ductile than
those in pure metal.

-13



6. 'FAB'RICA TION

6.1 Fiormablity

Molybdenium can, ;be foed by the staridardmtdS5haseedawr, spimiag
rOI ffrming, blankinig and stretch, foeming. Beaua-e the transitien from duCtile to
brittle behaviour in ternsioni oturS near room, temperatire, it is desirable to use some
heat in the foamifg of molybdeitum parts, except for bending operations on very thin!
sheet. A temperature of 2:00-4301T is usually satiSBf Aetry for bending, drawinig or

spinning of sheet !up to 1/1.6 8 /32 hi.f, thicknessi For heavy plate ad:d rod it may be
nressmary to ;heat the material to 980al,200 ' before f~omiig. The :high thermal
conductivity of molybdenum makes it difficult to maintain this elevated temperature
during forming and it may be necessary to use heated, dies,, or to apply heat to the
material (Lor evenf to do both.) during the operation.

Operations Such as shearing and: pti U ing should be carried Out at tempeatures in
line with those given for forming,

6.2 Madhifiability

Machining practices in general are similar for the powder ,metallurgy and the arc-
cast materials, with oprion divided as to the relative merits of high speed steel, or
carbide tools. Molybdenum is not a hard material, but the powder and chips produced
are abrasiVe. The low coefficient of expansion of molybdenum makes it necessary to
keep the tool cool in, drilling to prevent seizing of the tool and possible cracking
of the molybdenum

Molybdenum can be machined by any of the standard methods such as milling, turning,
drilling, boring, grinding, shaping, etc. In many shops it is common practice to
machine without a coolant or to use carbon tetrachloride or trichlorethylene.
Sulphurized oil may be used where the residue is not objectionable. It is also possible
to contour-etch molybdenum, but with some difficulty.

- 14 -



TANTALUM

'T A N, TA AL U M

'(6) 'Density 1C.6 g/cmP

Wb melitig 15oint 29000, 545O

(c) Svecific Heat 0.033 ca1/g: 0C it 06C
Gi.037 cal/s 60 at 10906C
0.050, cal/g 60 at 21666C

Wd Thermal Conductivity 6.13 oal/se CrOCm at 206C

(6) Coefficient of Thermal' Expansion 6.,5 X 10o 6 p rO6Cat 2:0Ct

(f) crystal structure Bodymcentered, cubic

(g Thermal Neutroni Cross Seetidon 21.3 barns per atomn

(h) Emissivity (total) The eMissivity increases from a value of
about 0.18 for polished metal to a maximum
of about 0.8, with oxid'ation, decreasing
again as the thickness and nature of oxide
change.

2. MECHANICAL PROPERTIES

2.1 Tensile Properties

For unalloyed annealed tantalum, at room temperature:

Ultimate tensile strength 50 kg/mm2

Yield strength =40 kg/mm2
Elongation 25%

Strength is strongly tempe ratureT dependent at lower temperatures and brittle
behaviour is encountered at e1559C (-2509F) where strength is 105 kg/mm2 for
commercial purity.

Discontinuities in the strength vs. temperature curves are encountered at about
260QC (500'(1), suggestive of strain aging.

Tensile strength at 10939C (20009F) (in inert atmosphere) is still about 13 kg/mm2 ,
Yield strength about 7 kg/mm2, and at 12,009C (2200,9F) the ultimate strength i.5 about
10.5 kg/mm?.

-15-



TANTALUM

2. 2 Variation of Prooorties with Temperature

OF -3 20 1,00 + 72 3.06 5,00 6,00, 1100- 15-00 2000 22001

Tes fhmera5r w 73 + 20 20 0 2606 3 201 T540 916 1,090' 1200,

60.He Yielrd strength (kg/mm2 ), 1 105 50 40 25 28 2&8 1,8 8

Witimate Tensile Streftth
g1105 52 47 40 45 52 42 15 n3 10.5i

;EI ngati on, 1) 4 23 25 12 15 201 16 25 43 47.5

Atmosprhere Air Inert

Alloy developmelt has been very limldted: and useful, data are not available. Additionb6
of tuntgsten or hafnim an, to a less extent, additions of titaniu, molybdenum or
vanadium, raise the tensile strength, with some~ loss in! ductility,

2.3 modulus of Elasticity

18,90 kg/m 2 at room temtperature, and 595043150 kg/mm2 at 30000 F (16506C)i

2.4 Stress Rupture and creep strengths

Cold-rolled tantalum sheet tested in helium withstood 6 kg/mtm 2 at 120GOC (22000p).

At higher temperatures, the following values were obtainedf:-

Tes t Temp. Stress Time in sec. to Produce Rupture
6F C (kg/mm2) 11. bef. Fo Def. 5% Def. L ife (s eC.)

3000 1650 3.5 15 25 65 150

4000 2200 1 10 30 100

5000 2760 0.5 15 30 90 250

2.5 Alloys

Ultimate Tensile Strength
Cgmpo"t *on (I/) (kg/mm?)

(as extruded:)

W Nb Hlf V 12009C 14009C 16009C

10 29-40 14 9

5 35

30 5 29

5 10 35 15



TANTALUM

3. OXIDATION

Tantalum is slightly, lbut not significantlyj more oltiireitftthan niobum.

Oxid'ation- Rate of Tanitalum at Various Ueeratures

Temperature TOxygent Penetration :1neter fate fteteis idn Toal

1000 '54014 ! 4 4

120 65b: 4 -K 4

,1400; 16 12 1

1600 870 31 23 K 54

1800, 910 59 33 92

2000 10901 09 46 144 1

An alloy with, 33% Ti and 18t Co showed a low rate of oxidation
after 20 hou'rs at !030C (20006P)

4. COATINGS

Tantalum has been Used largely for its corrosion resistance at Moderat6 temperatures,
or within electron tubes in vacuum. Very little work has bee~n reported on coating
development.

5. WELDING A:ND FABRICATION

The discussions in the section on niobium apply also to tantalum.

*16 hr. test on samples 0.375 in. diameter x V2 in. long

17



TUN T-

The property data avairlable On~ this metal, are sparse. They usually r'efer tobr0
wire spetimfla, and! thus do, not indicate transverse properties. There are no known
eltated~tehperatire data On, alloys 'of tuftgaten'i

t. PHYtSICAL PROPERIIES

(a) O a n~~ i t y 1 9 . 3 g / c 93 , O 6'l b i 3

(b) Meltinig Point 34100C, 611706F

(C) Specific Heat 0.02 cal/96C at 20,(C (686F)
0.o36 t~l/g0 at 10000 C (18306F)

(d) Thermal Conductivity 0.310 cal/cm se 0cc at 266C
0.160, cal/cm sedT at 13216C (2420,6F),
0.245 cal/ci em C at 11210C' (9140'5P)

(e) Coefficienit of Thermal Exanionl 4.44 x 10" Pe OC at 21 C
5.19 x 10"6 Der 0C'at 10276C (18156P)
7.26 x IV6 Der 6C at 2027(C' (3675 0F)

(f) Crystal structure Body-centered Cubic

(g) Thermal-Neutron Cross Section Usually reported as 19.2 but ranges from
(barns per atomb) 19 to 22. The absorptions of individual

isotopes are:-

less than 20
W 183  1
W1 0,4  2

W 18636

Nh Emissivity (total) 7279C (134010F) 0.105
12279C (20600F) 0.192
172'7QC (31400F) 0.259
22279C (40300F) :0.3 01
272'700 (49409F) 0.334

32279C (58400F) :0.351

2. COMPARISON BETWEEN POWDER METALLURGY AND ARC MELTING,

Attempts to use the Westinghouse process (See the section on molybdenum) have failed.
However, the first stage (hydrostatic pressure) is useful, and by this means samples
of 50 kg have been produced.

18-



Arc melting int vacuo has the advantage of purifying the metal and of Permutting the
remuse of waste, but it is difficult because 'of the ;power consumption, The ingots
,Produced are coarse grained an~d: not easily workable. (tk-trusion has to be done at
23LOO0C). There have been, hardly afly production quantities produced and it is not
possibl~e Yet to give Oomparative charafteriatic5 for products made by the two
processes.

Eliectromet, who seem ta have the :most advanced techniqu~e, are able to melt ingots
,of :50, mm diameter (length 1 meter) and more reertly have made ingots of 75, 'mmt
diametefi. Arc MI'ted, ingots of 10 nm. diameter have been, recentl erod'd by enra
glectrici Ellec'tron beamt Velting, triedi by Temesc'Al, has run into great d'if ficulties.

Slip castinig apoears to be a process very Suitable to tuntgStenf and E.lectromet are
able to produce batches Of 15 kg having normal characteristics.

3. MECHANICAL PROPERTIES

Properties vary considerably with the degree of coid-working,, the thermal history,
the impurities added, accidentally or intentionally, and th'e grain size developed by
the processing. For the most part, tungsten may be considered to be a brittle material
at ambient or room temperature. A small degree of ductility Can be developed by
severe warm-cold Working but, upon annealing, room temPerature brittleness is6 again
encountered.

3.1 Tensile Strength

Sintered ingot 13 kg/mm2

Swaged rod 35-150 kg/mm2

0.250 in (6.3 mm) diameter 50;kg/mm2

0.100 in (2.5 mm) "105 kg/m 2

0.050 in (1.25 mm) "140 kg/mm2

Drawn Wire 140-420 kg/mm 2

0.025 in (0.65 mm) "150 kg/mm2

0.010 in (0.25 mm) 75kg/mm2

0.005 in (0.12 mm) 210 kg/mm2

0.0005 in (0.01 m) 420 kg/mm2

Annealed wire 105 kg/mm2

-19 -



TUNGSTM

Rolled sheet

0.040 in (1.0 rmmn thick 84 kg/Mm2

G.0201 in, (0.5 mm)l thick 14,0 kg/mm2

0.010, in (6.25 man), thick 2,10 kg/mmfn2

39 Yielod Strength, (Room, Temperature)

Annealed (recrystalliizedj) tungsten~ has a brittle facture when tested in tension.
The yield strength Is therefore equal to the ultimate tensile strength in such instaxnces.
Welliworked tungsten has aL small degree of diuetiiity (to to 4 % elongation in tensi.ont)
so that the yield strength is 90 ±5% of the ultimate, dependiftg upon the petoentAge
offset used to establish this Value. Y ield strength data are Very limited.

3iI Ductility (RoOM-l Temperature)

Tungsten is brittle at room temperature, especially When recrystallized,
Ductility in bending of small diameter wire or thin sheet is good. Very few data on
bend ductility or reduction in area are available.

3.4 Elevgted-iTenwoergao Strength

Data in the range of interest (above 2200') (120G0 C)) are limited. However, the
ultimate tensile Strength of wrought wire is of the order Of 49 kg/mml? at 1200C
(2200,0F), 28 kg/mm2 at 160000 (29100F), and 20 kg/Mln2 at 18ooO (32709F). The strength,
of %A in. diameter wrought bar 9pecimens ranges from 18 kg/mm2 at 1600 0C (25106p),
10 kg/nu2 at 1800,9C (3210b), to 3 kg/mn 2 at 2760()C (450019F).

The stress -rupture strength (kg/m 2) under helium on rods produced! 'by powder
metallurgy anid having ultimate tensile strenigth at room temperature of 100 kg/mm2 and
elong ation, of 0-1 % is given by the followingi table:

Test Temperature Life

OC PF Ihr [10/hr

2250 4100 3.1 2
2500 4530 1.8 1.1
27,00 4900 1.4 1.0
2800 5100 1.2 0.8

3.5 Modulus of Elasticity

35,000 kg/mm2 at room temperature.

20



3.A Brittle to Ductile Transition Tenverature

'The brittle tebpefttur6 zonle for tting5ten, lies above am~bienlt or room~ tempe~rature,
,but below 15000 (8426F)i A transition region exists between 1,--6- -fi 4500(42

where eith'er brittle or ductiil behaviurmlaY be ec~rntef*e, depending onl the Sahip1e

historiy and the testing~ piroediurei Above 4500, dueti1l behaviour is deVeioped afld a
large drop in yield, stress is encountered, with a corresponding inicrease in ductility.

3.71 AllIoys;

(as extruded)

1Nib :~r cooo Th Ultmat 14-066 ! e 160@'C' t

09O023 14
1 00534 11

0. 47z5:5

4. OXIDATION

Tungsten begins to oxidize rapidly above 60090 (11106F) with, a rate about equal to
that of niobiuti and tantalumi, up to 2100VP (11500;, , above which it has not been
determined. Work on protective coatings for tungsten has begun only recently.

The stud of coatings of rhodium (Or other metals of the platinum group) with
underlayers of Cr + Si, seems very Promising.

4-00

E 2 Cr W r

200

00

-W~

TIME ,HOURS

Oxidation Rates of Tungsten and Some Binary Alloys in Dry
Oxygen at 1200 C9
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The d~liagraml, and, the following list show that ctrtadri additions can, reduce the Speed
of oxidation, bujt it is probable that protective coatings will still be necessaaty at
the workinlg temperaturies that ar~e efivisAgedi.

Thicknress loss on, one face (mils) in ldiry air

T es t Te~perature (09) 11 1,1
Test~~~O im hObervat ions I

T~t tmeI i 8 Shr 1hr 8r

unalloyed !Mo, 33 261 4 2-38
W 21~
Nb 4 31 13 7

IW + 10% Nb Or' W + 38% Ta 1.5 3.4 4.2 14; 6 ;No contamni'vation,
finer grain! size
in ~~ aeil

Nb + Ili.% Ti 0.7 3A~ 3.7 17. 0 Brittleness by
contaminlation,

S. JOINING

Tunigsten cannot be joined by riveting With tungsten, rivets. Howe-et, in some
instances, molybdenum rivets Can be used, sudessfully. Tungsten can be arc-welded
with suitable atmosphere Protection,, and can also be brazed,. in most commercial
fabricated,, parts, brazing is the preferable method: of Joining. Silver solder, copper,
or nickel can, be used: fot brazifng in either controlled atmosphere furnaces by induction
heat ing Or in resistance welding equipment. Spot welded joints are commonly made
us ing a layer of nickel between the tungsten parts. Although tungsten can be arc-
welded,, difficulties are often encountered due to excessive brittleness of coarse
grained weld deposits and, heat affected zones at room temperature.

6. FABRICATION

Tungsten can be produced in :the form of hot rolled sheet, although it must, of
course, be heated for rolling in an inert atmosphere. It can be machined but, because
of its high hardness, only hard metal tools can be used for turning, milling, and
drill1ing.' Both tungsten rod and sheet can be formed if heated to a proper temperature
range.- In no circumstances should attempts be Made to form tungsten at room tempera-
ture. Tungsten sheets can be formed at temperatures of 800 to 100OPC (150to80F)

and rod can be bent only at a good, red heat Thnsetcnb-fre tsmwat
lower temperatures thap the thicker sheet materials. In general, tungsten can be
formed by simple bending,, stamping, and spinning. However, the pocesses must b

approached with a great degree of caution, and large deformation cannot be accomplished
in one operation. Deep drawing of tungsten is virtually unknown in the industry in

its present state of development.
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PART I I

RECOMMHE N D ATIO ,NS: FO 0 Rf tE SEARftCHit AN D

BD E V EAL 0; P iM E N T

The following remark.% apply, in general, to gill the refractory metals under consid-
erat ion,

1. ALLOY DEVELOPMENT

Nertaifii molybdenum and niobium alloys are either preently available or will be ift
the hear fulture. Thesehowever, have serious~ limitations. The development of alloys
of tungsten, and of tantalum, is in a very early stage. Research and developmnent with
the objective of producing new alloys of all four metals are therefore needed,, Al though
it is unlikely that a single alloy able to Satisfy all the requirements will 'be evolvedl-
research objectives shouild include the following:

(a) improvement of strength at high temperature, including part icul arly an increase

in the temperature of recrystallization

(b) improvement in, resistance to oxidation

(c) Improvement in formability, including the lowering of the ductile-brittle transi-
tionitemperature

(d) Improvement in weldability

(e) Improvement in primary workability (ingot breakdown, rolling, forging, etc.)

(f) -Improvement in special properties such as melting point, coefficient of

expansion, etc.

Particular emphasis must be given to point (a). It is recognised that the limiting
temperature of usefulness of a metal is of the order of O.4Tf where Tf is the melting
point in 9K. This temperature corresponds roughly to the teimperature of recrystalliza-
tion. Alloys of the metal might be usable at a temperatr fQ8~ eashvn

high melting point (Nb, MO, Ta, W and Re) possess therefore an obvious advantage over
other metals. Unfortunately molybdenum and tungsten and the alloys of niobium,
molybdenum, tanitalum and tungsten of current commercial purity, cannot be Used at their
recrystallization temperatures because recrystallization is accompanied by almost total

embrittlement, due mainly to the segregation of interstitial solute atoms at grain
boundaries. in order to raise the usable temperature from O.4Tf to O.$Tf the following
features need to be studied:

(a) The posble hardening mechanisms
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!(b), How the effectiveness of those meehanisms is affected by Increase in tfmerature

(), How t'emperature eff ects May be dela yed.

The basic strengthening .ne'hanisn. is essenitialily the pinning of dial ocat ions. The re
are four Primary piiihing mechaniAsms,, viZ.

(A) Pinfrmnfg iby fu~rther disloclations

(:b) Pinning iby dissolved: atoms 01- solidi sollution strengthening

(c) Locking :by order-iisorder structure

,(d) Loeking !by a 'second phase.

A Pinning by further dislocations

Straining creates further dislocations which, form obstacles, which, result ifnf con-

siderable improvement in room temperature mechanical properties, Examples are

improvement of niobium, and tantalum by cold working, of molybdenum and tungsten :by
hot-cold! working followed by col d, working, and of alloys Of molybdenum, hiobium,

tantalium, and tungsten !by hot-cold wotking. These improvements are not, however, main-

tained with increase of operating temperature and in addition the temperature of
recrystallization tends to decrease as the degree of cold working increases. There is

though a possibilitY that close control of the conditions of cold working and Of

stress-relieving heat treatments might result in high density of dislocations by the
formation of sub-structures. improvements of this kind have already been obtained in

molybdenum and the alloys of molybdenum with 0.5% titanium. It is unlikely though that
a usable temperature in excess of 0. 6 Tf will be attained by this means.

B. Pinning by dissolved atoms, or solid solution strengthening

Dislocations are pinned by a group of dissolved atoms in their immediate neighbour-

hood. This mechanism effedtively pins dislocations at room temperature but owing to

reduction in the density of the atom, cloud of the dissolved element and the tendency of

the cloud to move with the dislocations instead of anchoring them its effect decreases
with increase in temperature. The effects of increase in temperature on these two

mechanisms can be combated by increasing the content of the dissolved element and by

using a dissrived element of higher melting point or lower coefficient of diffusion.
In refractory ,letal alloys this method of strengthening has been used to a large extent,

being a resut --f the high mutual solubility of the high melting point metals such as
niobium, tanta'. molybdenum and tungsten and the appreciable solid solubility of
other high nelt point metals such as titanium, and zirconium.

Taking the fou, -,tals in turn the position is:

Niobium

Proposed alloys a elmost all strengthened by solid solution with molybdenum
titanium, tungsten anu ;,ntalum*, Nmerous other additions have been investigated

to some extent.

* See table under nlobium Ec?;ion in Part I
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Tantalumt

Laboratory invest igat ions have consisted in examination of the effects of idbiuml,

ttgste~, molybdenumf, titanium, haffhium, chromium and zirconiUm

Molybdenuft

Studies of molybdeniuml alloys have so far yielded, rather disappointing results.
They cover add'itios of tufljstel tantalum, Vanadium, niobium, titanium, and chom~Ium.'
Alloys based on an, addition Of 2516 tun.gsten are being devel-oped. fthenium, also ,has
,been tried, as an, alloying element. Rhenium additions however may result Int the
formation of a brittle Sigma phase (Mo iRti,). The actions of zir~ontiumt (Solability
7 5 atoms %) andiftanga5nese (66lubfill ity l5 atoms % eev pca o5ieain

Tungs ten

Solid solutions are obtaine~d With vanadium, niobium, tantalum and, molybdenum.
Studies inl hand deal ;more Dtar rly with alyhvig a Ungs tnmolybdenLfum base
or a t ungs telra*t atad um base or Comb inatilong of tutgsten t ant al um~jmolybdentum and
ntiobium. The effects of elements With, a more limitedi solid solubility such as
rhenium, titanium, zirconium and hafnium have received! preliminary investigationi

it is evident that a thorough Study of the behaviour of other metals, alone or
combined, in addition to those mentioned aboveis needed. The factors that should
be taken into consideration are:

Degree of solid solubility

Difference in, atomic diameter

Val ency

Coefficient of diffusion

Melting Point.

The need for information on phase diagrams and coefficients of diffusion is evidently
urgent.

C. Locking by order~disorder structure (short range order)

This mechanismalso is effective at room temperature but disa Pears when the tem-
perature is raised, owing to reduction in the degree of short-rang order and to increased
diffusion and self-diffusion rates which cause the zonesof disorder, due to dislocla-
tions, to rearrange themselves. Knowledge of the coefficients of diffusion is im or ant
when using this process,

There is no Precise example of this behaviour in refractory alloys.
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b. Locking by a- tecond phase

The effectivenes of this mehbmsm, deend's on a fine dispersion of the seond phase.
A classic example is, the aluminiummcopper alloys in which solution Of the elemfent
(Coper) is first obtained by ;heat treatment followed by Queznching. 'Precipitation, Of
the Gu'Al2 phase subsequentl'y occuirs. A more rec'ently discovered example i, that Of titahium
alloys ifi Which a dispersed precipitate T 2Cu): is Obtained by euted-toid reaction
following solution: in, the beta, phasei

There are no typical examples in the alloys of the refractory metals. The behaviour
of iron, nicakell and cobalt in, niobium, and of iron,, nickel, aluminium, silicon, and
cobalt in molybdenrum has been consider'ed but the lack Of Complete phase diagrams
Prevents much speculation on the possibilities of the process. It :must be borne in,
mind though that such disp'ersed precipitated phases are, by their very nature, thermoa
dynamically uns~tabl~e when, the temperature rises and, either grow, which, decreases their
dispersion and reduces their effitieriu aso1als rd~~v n r ota
obstacles. The potentialities of the process may be increased:

1. By the pr'ecip*itationl of Compounlds that have a 'high melting point and, that would,,
Owing to reduction in diffusion rate, retard coalescence.

2. By obtaining secondary hardening :by a. second more stable phase which preei-itates
when the first dissolves Or coalesces (this method has already been alidt

certain steels and 'suoeralloys')i

V.~ finding a second stable and insoluble phase.

It is the third possibility which is being investigatedito tbe greatest extent. The
first example was sintered aluminium powder(A) hspeo~ingv let h

behaviour of alloys when Carbon was added as a deoxidant during the alloy work on
molybdenum, when the molybdefium-0.5% titanium alloy was developed. In fact is was
clearly demonstrated later that when one adds to a refractory metal M (containing
always a certain proportion of oxide or of oxygen) a metal X that readily forms an oxide,
the result was not an alloy MX , but the oxide XO , hence the ternary alloy M-X0-X,
where the insoluble oxide phase is formed in situ and therefore finely dispersed. In the
refractory alloys titanium and zirconium are the most widely used additives but there
is need to determine whether other metals having very stable oxides formed at high

temperatures can be used to still better advantage. Carbides, nitrides, borides. etc.
may be Considered in addition to oxides.

On these bases, alloys already in existence or in a late stage of development are:-

Mo + 0.5% Ti, Mo + Zr (0.08%) + Ti (0.2%) + C (0.05%)

Mo + 0.5% Ti + 0.07% Zr + (C)

Nb + 0.75% Zr (Fansteel's No. 80)

Similarly, alloys of Ta + 1% Zr + C or Ta + 1% Ti + C are being considered.

There is evidently a wide and potentially very fruitful field waiting to be explored.
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The ways in twhich the advahtages~of a diispersed, insolubl s'cond! phase may be
explor'ed, are:

(a) By direct addition of the metallic melenent 'before mitihg or sinterig; promising
elemnts beihg silicn, cobalt, titaniuml, zirconiumi and hafnium, M~oon seems
to be uninkely to !be useful, in, this connflection). Particular attention ghouid,
,be given to the action, of rare earths and yttriumj not only because they for-m
volatile compounds at the expense of interstitial elaeents, with, improvement
of the fabricabilitY but because of the possibility that stable dispersed com-
pounlds may be formedti

(b) By additions of oxides (or nitrides, carbides or borides), du~ring sInteilg, or

meltinig, ei g.

810 2  Cr 20- Al1203 mTiO2  ZrO, lifO 2 - U02

ZrN -TiN - Ta 2N m- N

The addition, to a. metal of its ownl oxide, nitride or carbide should be inicluded.
Work of thiis type is being done with tantalum.

(c) By controlled internal oxidation at sintering temperature.

Combinatiofts of the various processes

As a general rule it would be profitable to combine two or more of the foregoing
processes A to D. tProcess A will probably always be an essential in the production of
refractory alloys.

The MoSt profitable combination would seem :to be A + B + D. Examples of these are:

Nb + 5 Mo + 15 W + 1 Zr + C (G.E.C. alloy F 48)

B D

Nb + 5 Mo + 15 W + 5 Ti + I Zr + C (G.E.C. alloy F 50, T1 having been added,
.B D mainly to improve resistactoxito)

Nb + 32.5 Ta + 0.75 Zr (Fansteel O2)

B D)

Nb + 7 Ti + 0.8 Zr (Union Carbide Cb 65)

8 D
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'MO + 25 W + 0.11t Zr + 0.0 C,

8B D

2. COAT 1NO;S

Siritce it Is unlikely that for m~ost applications Alloys can, be developed with, ade Quate
rsistance to, oxidation, protective coatings M~ust be devised. 'To be sucesfuil, a

coating M~ust ibe tailored to a specific alloy, to the conditions to :be 'met iti the
partio1 dul1ar service in mind, And, Must be appropriate for the fabrication pactiat employed
(possibly applicable on an assernbled uni t ). The development of realistic simulated
service tests (inOludirng thermal~shocWk or thermal-eycing) wouldi be of value'. 'Coatings
p~ossessing high emfissivity will, be requaired especially for tungste.. 'The use Of plasma-
toroh spraying could beo great asistance

3. PRURJTMON DIEVELOPMENT

The rfactory metals are :not now available in the desired alloys and in the required
sizes of Mill products. There has not been sufficient production of alloys evenl for
the determination of properties to indicate the relative value for specific applications.
:For example, for tungsten there aire no data except for the pure metal, and in the form
of rod, or wire. Furthermore, a very high, quality product will be needed' for aircraft
applications. This will! require a period of process development, especiallY with, regard'
to wide,, thin sheet alloy forms. Because of the great expense Of producing these Metals
in the required mill forms, even in limited quantity, radically di fferent methods from
the conventional should be explored.

4. JOINING

It is obviously desirable to be able to assemble structures !by welding. With proper
procedures, the refractory metals can be welded, but the mechanical properties of the
resulting Joint are often unfavourable, especially in the case of Mo and W (pure Nb or
Ta can be successfully fusion welded). This is because, with these two metals, usable
ductility has only been associated with a structure having elongated grains reslultin~g
from previous deformation. The trend toward application of composite structures, such
As honeycomb, may make mandatory the welding of thin sheet.

Research should be directed mainly in the following directions!-

Development of alloys leading to better behaviour in standard processes (inert

gas shielding, with consumable or non-consumable electrode)

Development or improvement of new techniques

Electron-beaM welding

Ultrasonic welding

Percussive or Pressure welding
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Fusion weld'ing with the addition of proce:sses to break down, the coarse grain
(ultrasonic or foge-welding)

Solid! state bonding, preventing the formation of coarse graifn,

5. BASIC RESEARCH

A variety of topics are how listed, whiehl obviously need, further attention If the
technology of reratory metals is to make progress.

5.A1 Phase Diagrams5

Many advances could be made by the availability of equilibrium diagramsi In most
cases, the complete system is not required' the SOlid sOlubility limit, liluidus and
solidus surfaces and identification of the first compound ;being usually Sufficient.

It is recommended that, in selecting systems for Study, the following considerations

be borne in mind':

I. That the systems selected be related, to, the purposes for which the material

might :be used, such as in, studies of alloying, coating, joining, influence of
gaseous environment, exploration of properties and :metal behaviour.

II. That, since the effects of gases in these metals are so important, a high
priority be given, to metal-gas systems which the final report shows have not
yet been adequately covered (tungsten).

iii. That the systems should not be restricted to binary systems, but careful con-

sideration and suitable priority should be given, to systems with more components.

The phase diagrams whose study is considered desirable, on the refractory metal

side at least, but which does not seem to have been undertaken, are as follows:

Niobium

Nb-Co Nb-Si
Nb-Zn
Nb-B Nb--Be
Nb-platinum group metals (Ir-Os-Pd-Pt-Rh)
Nb-Ce Nb-La Nb-Y

Tantalum

Ta-Co Ta-Cr Ta-Fe Ta-Ni Ta-Cu Ta-Mn
Ta-Be Ta-Al

Ta-Hf
Ta-Pt Ta-Rh Ta-Pd

Ta-Ce Ta-La Ta-Y
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Tungs ten

W40e W-Cu W-Mrl
W-Ti
W-Thi
W-P-d
W-o W-N W-ft
Wace W-L a W4Y

Ai1 ybderzuhz

M64V
moTh
M64B
Mo-ce Mo-La M6-Y

5. 2 Diffusion Cowl1es

5.2.1 8tudies of the diffu~sion couples in refractory metals are Of the highest import-
afice in connection with:-

(a) Succssful production Of alloys by powder metallurgy

(b) Homogenization of sintered or cast refractory alloys

(c) Strengthening by solid; solution or dispersion.

The following are suggested for study:-

(i) in every refractory metal, rates of diffusion of the high melting point metals
W-Ta-Re -Mo-,Nb.

(ii) In niobium Ti-Zr-V-Fe-Hif

(iii) In tantalum :Ti-Hf-Zr-V

(iv) in tungsten,: Ti-Zr-Hf-Cr-V

(v) In molybdenum :Ti-Zr-V-Co.

5.2.2 As far as sintering or melting in vacuo can be considered as a purification
process, rates of diffusion of some impurities have to be studied, for examle:-

Fe-Si in Niobium
Fe-Si in Tantalum
0-N-H-C-Fe-Mo in Tungsten
0-N~H-C-Fe-Mn in Molybdenum.

.23The success of metallic Protective coatings mainly depends on adequate diffusion
rates. In the field of the four refractory metals, it is recoQmmended to study diffusion
couples with
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platinum-group metals and among~ these Rh (especially with, tuingsten),,

6i -3 ThmdritY EffeetS

The ;Pres'ence of gnalil :amounts of certain imnpurities has aL profound influence on the
Me'chanical, behaviour of the refractory metals. This I's especially true of the mlter-
mitiai elements, oxygen, nitrogen, carbon. and hydaogen. Moro work is needed to, under-
standl this behaviour.

Exaihining the work which might be done under this headinhg, at least five importat
areas are recognised: -

I. The effect of impurities on Mechanical Properties at a given, tonperature, or
over a range of teimptratuire, 3includinlg such, items as ducti10-brittle transition,
crack initiation, and Propagation, fabricabiiity 1t. n hemcai
involved relating to these phenomena. I-n such, studies, the :method' of study and
test should be clearly indicated, such as impact studies, mi cos~ic investia
gation, specimen details, deformation rates, dislOcation studies, etc.

1I. The effect Of impurities on diffusion processes; for example, In, coating and
JnI nig.

Ill. The effect of impurities on; physical properties; for example, thermal conductivity.

IV. The effect of impurities on chemical Properties; for example, in: stress and
intergranular corrosion.

V. Methods for minimizing the injurious effects of these impurities.

In all these situations, interest is Mainly concentrated on the interstitial
elIeme nts.

A related Problem concerns the determination of these elements in the important range
1 to 100 parts per millIion. This is a problem not yet under control, especially with
regard to oxygen.

A Program of cooperation between a certain number of the NATO countries has been set
up to analyse samples (powder and solid) which have been exchanged between the different
countries Participating, and to define the best methods for analysis.

5.4 New Fabrication Techniques
Compared to most Metals, the refractory metals are very intractable. Unusual methods

for making products may be the most efficient aprah Typical of the new techniques
are slip casting, rolling of sheet from powder, and flame spraying to form a metallic
body.

5. 5 Oxidation -studies

The behaviour of the refractory Metals with regard t~o oxidation, is well known up to
about1000C. Daa abve ths teperature are fragmentary. Compaed:to intermediate
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temperatures,, the situation, at Very high tempeatures May lbe substantially diffterft.
,For example, it is pO55ilble that the oxide of tunigsten :May decompose at a suffidently
high temperature, Basic Sti~dies may be of great value in astit~f the *devising of

Ift studying this problem! it is sluggeste'd that the following be takeft into, c00iideratio.

5.5.1 Physical antd Mechanical condition of the samples: for example'; composition, Sihape,
size, sutffacefinish, heatatreatment, grain: Size,, texture.

5,5.2 Nature and conditions of the gas: for exampile,, oxygen, hydragen, nitr~gen, air,
wate r Vapouf,. Metal vapoiur, or other elem~lits in the :gaseous state, indlividually or
Mixed, and, such physical Conditions as pressure, velocity, physical state (moleau'lar-

5.5.3 External conditions such, as temperaturte andi time: far example, gradienits, whether
stagnant or- cyclic, etc.

5,5,4 Agreement on, a standard test or tests Under conditions clogely approaching par-
ticular servitce Conditions.

5.5.5 Design of equipment for this research : faciiitie5i

5.5.6 Nature of deterioration, and Methods for its evaluation: for example: weight gain
0'r loss, whether intergraLnulat, or pitting type of attack, mechanical arid, physical
mature of corrosion products, etc.

6. DESIGN IDATA

To allow a selection of a refractory metal, at least a certain minimum amount of
data will be required by a designer. Much more will be needed in preparing an actual
design. For the most part, sufficient data are not existent to make even the prelimin-
ary estimate adequately.

The types of properties on which data are desired' to permit a selection of alloys
are given~ below.

Physical Properties

Density
Specific heat
Thermal expansion as a function of temperature
Thermal conductivity at room temperature anid 2000OF
Melting point
Enuiss iv ity.
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Mehnical Properties (testing eondit ions indicated)Y

Ambient Temiperatures

Tnsile ultimate strength and elongationt at fracture
Tensile Yield strength
Co0presive yield strength,
Modulus Of elasticity
'Noteb, sensitivity and transitini temprature.

Elevated Tempeatate (data at terperatures between, 1006 and 16500T)

Tensile Strength and elongation, at frattUre
Stress-rupturo strenlgth for I and, 100 hr lives. CU'tveS showing total deformation

(including thermal expansion, elastic and plastic deformation) would be valuable
to supplement rupture strenigth.

Thermal shock resistance
Moduus Of elasticity as a function of temperature.

ChemLical PrOperties

Corrosion resistance at room temperature
Total weight change (coated, and uncoated!) or weight !loss (Uncoated after de690aling)

after eposure to temperatures from 10000C to 16500C as Mg/cm2 after X hours;
exposu're. Also, if Possible,, thickness of layer (in hM) and internal Penetration,
including localized effects, resulting from X hours at temperature$.

Enbrittlenent after exposure to above temperatures.

Fabr icabil1ity

Ease of prinary fabrication
Formiabil ity
Mach inabil ity
Weldabil ity.

Availability of Mill Products

Forms and sizes,
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Vol.8, 1954. P.208.

See also references in Section 1.4(b) (reaction of Nb with nitrogen).

Nb-NH 6. Brauer Hydrides of Nb. Ref.3.
7. Albrecht Nb-H. JES, April 1958, p.219.
8. Paxton Observations on the Nb-Hf System. TAIME,

Au~gust 1959, p.725.
9. Wainwright The NbeHf System. Bulletin of the Institute

of Metals, July 1958, p.60.
10. Albrecht Reactions in the Nb-H System. JES, November

1959, p.981.
10a. Komjathy The Nvb-H System. JLCM, December 1960, p.466.

See also references in Section 1.4(c) (reaction of Nb with hydrogen).

Nb -C 11. Brauer Carbides of Nb. ZAC, Vol.277, 1954, p.249.
12. Brauer & Lesser Karbidphasen des Niobs. ZM, Vol.50, 1959,

p.8.

For Notes and Abreviations used in Parts III and IV, please see the Appendix on p. 129.
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13. Norton & Mowry Solubi'lity Reldt iortshipg of the Refrtoroy
Monoarbides. TAIN~, Vol.185, 1949, p.133.

18a. M lliott The Cb C Systei. ASM Prepritt 179g, 1960.

Nbm* M1 4 BiCk I C Aufbau und Mikrokatte der Zveim und breist-
off'sy'steme der Metalle Niob, Tantta!, Molybdan
und 'Wolfram. ZM , Vol.37, 1946, p.53.
(Solid Solutions for all poportits),.

N-e15. K.MAptoi The Niolbiumwfthentium Sys tem. J .L CM, Vol.1,
1959, 0.48G.

161. Kftaptoh Nfb and To Alloys. LM, V6l.2, 1960i pi113.
(coplete diagrarM).

17. Kriapton At! X-Fay Survey of Certain Transition-Metal
Systems for SioPhases. JIM, Vol. 87,
Setmber 1958, p.218,

18i Greenfield & Intermediate Phases -in Bina'ry System&~ of
8&ok Certaini Tran~sition Element.!. TAINE, Vol.206,

1956, p.265 (also JOM, Vol1.8).
19. Grant Work performled at MIT under M~ Government

con'tract.
10. Savitskii Atomflaya EnergiYa, V6l.7, 1959, p.47,0.

(Complete diagram).
20a. Leves-u The CbaRe System. ASM Preprint 192, 1960

:Nb-RIu 21. Knapton Ref. 16.
2. Greenfield Ref. 18.

23 Grant Ref.19.

Nb-Ta 24. Biickle Ref.14. (Solid solutions for all proportions).
25. Williams & The Tanta lum-Co lumbiumn Alloy -System. TASM,

Fechin Vol.50, 1958, p.1081.

Nb-Tt 26. Hansen Systems Titanium-Mo ybdenum and Titanium-
et alii Niqbium. TAIMIE, Vol. 191, 1951, p.881,

(also J M, Vol.3).
27. Gonser Titan ium Alloys. Industrial and Engineering

Chemistry, Vol.42. 1950, p.222.

Nb-V 28. Wilhelm Columbium-Vanadium Alloy System. TAINLE,
et aiii Vol.200, 1954. p.915.

Nbew 29. aiickle Ref.14. (Solid solutions for all Proportions).

1.1.2 Partially Determined Systems

Nb Co** 30. Kbster &Die Systeme des Kobalts mit Bor, Arsen, Kirkon,
Mulfinger Niob und Tqntetl. ZM, Vol.30, 1938, P.348.

31. Walloaum Ergebnisse der R~ntgenograp~ischen $trtrun-
tersuchung von Legierungen der Zusammensetsung
AB der Eisenmetalle mit Titan, Zirkon, Niob

unTanta 1. ZK, Vo10,94,p31
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Nba'P6 12i !Egger's At Das Zustandstddgamm Eisen-Niah. Mit. K4W
Peter Thist. Eigentforhung zu Ngiseldorf, Vol.'20,

Into, p. 19.
33. Vogel at Das System

Erlang Archly f Ur das Eisenhuttenwesbai Voti 12, 1938,
pi. 144.

-34. Wall baui Ate f i3 1.
35. Eliott Arniodr fte~eardh Foundation OSR -TN 24,

August 1954.
36. Begley Development o! NiobiumaBase Alloys. WA

T'echnical Report 57-344i Part I, May 1958.,
p.83 (ASTIA NoiAD-1555893).i

WbHIP* 371i IDUW62 The Allotropic Transformiationt of lldfrium.
JAP. Vol.22,, 1951, P114.

3 2. El i6tt ;Ref 135.

Nb-Nl 39. Orube Ubet die Gewirznung von Festen Niob~Nickel-
et alli Legierungen darth Redukt iont Von NIObpdntOtyd

bet Gegenwart von Nickel. Zeitschrift tIir
Elektrociernile, Vol. 45. 1939, p. 881.

4G. Pogodin The C~nstttton Diagram Of Nt-Nb System.
Comptes Rendus, Acad~mie des Scecs URS

Vol.31, 1941, p.895.
41. Kubaschewski & Measuremzents on the Oxidatton-Resistance of Hig4h-

Schne ider Meltinzg-Point Alloys. JIM, Vol.75, 1948. p.403
(414). (Solid solution of Ni in Nb).

42. Wal 1baumn Zur Legierun'gschenie der Ubergangsmneta lle.
Naturwissenschaften, Vol.31, 1943, p. 91.

NbSP* 43. Brewer & Reactions of the Refractory Silicides with
Krikorian Carbon and with Nitrogen. USAEC University

of California Radiation Labortory Report 2544,
1954.

44. Knap ton The System Niobium-Silicon and the Effect of
Carbon on the Structures of Certain Silic ides.
Nature, Vol.175, 1955, p.730.

45. Kieffer Be itrani zgm Aufbau der Sys teme Vanadi~n-
et alii Siliziwnm und Niob-Silizi'um. ZM. Vol.47. 1956,

p.247.

Nb-Th 47.f Carlson Thor ium4Nibium and Thor ium-Ti tan ium Al1loy
et alii Systems. TAIME. Vol.206, 1956, p1132 (also

JOM, Vol.8).
48. Chiotti High Temprature Crystal Structure of Thorium.

jMS, Vol.101, 1954, p.567.

Nb-U 49. Sailer (Compilatiri of U.S. a-nd U.K. Uranium and
Thor ium Constitutional Diagrams. BMI Report
1000. June 1955.

$There is no Reference 46
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50. Melintosh, & Selectiont of Cahning Mater idis for R, eatctof's
Bagley Co led by Sodium/Potassiumz and Carbon hi oxide.

JIM, Vol.84, 1956, p,.26.

5,1. pfe11 T-he Uaiw-Nou Alloy .Sys'tem in the Solid
et aii State. JI~M, Vol.,87, Feb. 5, p ,.2'04.

N-*512. Rogers & The Z1 F oniwift-C61uinbi ur Diagram. VOAIC',
Atk ins 'Report Isc 506' 1954.

53. Roer & ZirconiunzaC6lumbnntDiagrami TAIM1NE, VOL 203,
Atkins 1955, p. i1034i

54. Kn apton Re f. A6.

1.1i3 Systems Studied in a Feiw Retpects 6nly

General 55. 8egiey Development of Nioblinzrn-e All oySi WADC
Tec&hniical Repatt 57ma344, Part IH, Dec.1958,
(ASTIA No,.AD-w155588), !).-100 :(Critical surVOY
of 55 possible add.itive elemenats).

56. Simis A C6lurnbiurn Primer. JOM, May 195,8, p.340.
(General Aspect of Nb X equilibria)i

57. Mcintosh The Development of Niabium. IM, vol.85,
AVpril, 1551, 0.367 (General uVe)

Nb- Al* 58. 01lshausen Strukturuntersuchungen nach der bebye-Scherrer-
Methode. U1, V61.61, 1925, p.415.

59. :Brauer Uber die Kristallstrukfiir von TiA 13 NbAl3,
TaAlZ3 und ZrAl13. ZAC, Vol.242, 1939, p.1.

Nb-As 60. Iieinerth & Darstellung und Dichten einiger Phosphide und
Biltz Arsenide. ZAG, Vol.198, 1931, p.171.

NbH*61 Anderssrn & Investigations on the Binary Systems of Boron
Kiessling with Chromium, Columbium, Nickel and Thorium,

Including a Discussion of the Phase 'TLB' in
the Titanium-Boron System. AC$, Vol.4, 1950,
P-160.

62. Norton Ref.13, P.749.
63. Andersso & Ref. 61.

1(iessl ing

Nb-Be** 55. Kaufmann The Metallurgy of Beryllium. TAS, Vol.42,
et alji 1950, P.801.

Nb-Ce** 66. favjtsky investigation of Alloys of Niobiuml with
et a1ii Lanthanium and Cerium. JIM, Metaurci

Abstracts, Vol.27, 1959, p.175,

Nb-Cr* 67. Elliott Ref.35, p.18.
68. Begicy Ref.6
69. Elyutin USSR Academy of Sciences, Vol.3, 1956, p.68.
70. Kuba chewski Ref.41, p.410,



71. uwz Crystal Structure of TaCr 2 and C'bCr 2. MEWN,

Mirtetis V01.194, 1952, p.72.
711i. GOlIdschmidt The NbCr System. RIC, V61l.3, N&.1, 1961,

P. 44 i

7b-,*12i Elinott R-6.35.

Nb-66 '734 Hardy & The Superconductivity of Some Transition Metal
Huim Copounds. PhYgicdal Review, V01.03, 1954,

74. carperhter jurn~al of the Amerid-ah teamie Sgciety,
V011 77, 1955, p.1502.

Nb-I 1r*,* 75. DW ight & C'ose-Pmcked Ordered Structures in Binary
Beck AB Alloys of Transition Elements. TAI,

V61.215, 1954, 0.976i Trans. Metallurgical
Society of AINE.

76. Gel ler Some New .Tnteirmetallic Comipounds with the
et alli 'B-Wa lfaml Structure. Journal of the

American Chemical Society, Vol.77, 105,
,p. 1502.

,Nb-Las 17. Savitsky et alii Ref.i66.

Nb-Mn 78. wallbaum Re f. 31.
79. Greenfield & The Sigma Phase in Binary Alloys. TAIME,

Beck V0l.200. 1954, p.253.
80. Elliott Ref.35.

Nb-Os** 81. Geller Ref.16.
82. Kna ton Ref. 17.

Nb-P 83. Schoniberg Ref.5. p.226.
84. Biltz & Ober das System Tantal/Scphwofel. ZAC, Vol.238,

KMcher 1938, P.81,

Nb-Pd** 85. Kinapton Ref. 16.
86. Greenfield & Ref. 18.

Beck

Nb-Pt*s 87. Geller Ref.76.
88. Greenfield & Ref.18.

Beck

Nb-Rh!,* 89. Greenfield & Ref. 18.
Beck

90. Ijght Ref.75.

Nb-S$ 91. Biltz & Uber das System Niob/Schwofel. ZAC, Vol.237,
KMcher 1938, P.36.

92. Schimberg The Tungsten Carbide and Nickel Arsenide
Structures. Acta 'Metallurgica,Vol.2, 1954, P.427.

- 3.9



Nb-Sn: 93.e delier kfe. 76.
94. Mat thias Superconductivity of Nb3Sn. Phys~ical Rview,

et aiii Vol.95, 1954. pi1435.

1.1.4 uristudied Sys tems

;Nb4-Ag Nb-AU Nb-41a Nb-Hi- Nb-Ca w Nb.Cdw - Nb 4g w ;Nb-In NbK
w N-Li m Nb-Mg - NN - Nb-Pb, Nb-Sr w Kb-Te 4 WV" a Nb-Zn".

ii.2 twourity Effects and Analyws

95a. Mincher Effeets of Structure rind Purity on Cb,. TAIE,
FebruarY 1961, p. 19.

1L2A Effecti

Oxygen See also setton~ 1.4(a)i

95. Betleo Ref.36. (Effect of 0 find N on the coritamination
of welded pieces)

96. Seybolt Ref. 1. (Ififluence of _0 on hardnegn).
97. Schofield The MeltIng Point of Niobium. JIM, Vol.55,

1957, p.872.- (Influence of 0 on hardness).
918. Tottle The Physical and Mechanical Properties of

Niobium. JIM, V0l.85, 1957, P.875.
99. Sal er Initial Investigations of Nb w'd Nb Allays.

BMI Report 1003, 23/5/58.
100. Klopp High -0 Oxidation and Contamination of Nb.

BMI Report 1170 or TASM, Vol.51, 1959. p.282.
101. Vaughan & The Tensile Properties of Niobium. UKAEA

Rose Report IGR-TN/C-583, Nov.1958.
101a. Begley Effects of Oxygen and Nitrogen on Workability

of Cb. ASTM Special Technical Publication
No.272. 1960, p.56.

bib. Leabetter ffect fOxgen on the Properties of Zone

Refined Nb. JLCM, Voj.3, No.1, 1961, 1p.19.

Nitrogen 102. Brauer Refs. 3 an 4.
103. AM Some Proper ties of Colwnbium Gontaining

Wert Nitrogen. TATME, Vol.197, 1953, p.1032.

104. Saller Ref.99, p.7 and pp.10"17.
105. Klopp Ref. 100.

106. Begley Ref.36.

Hydrogen 107. 0'Driscoll & Purification of Niobium by $intering. JIM.
Miller Vol.85. 1957, p.379.

108. Brauer Ref94.
1004. Wilcox Effects o fl Hrogcrz on Dislocation Locking

in Nb. ALCM, Vol.2. No.2, 1960. p.297,

C40bo 109. Saller Ref.99.
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1.2. A'nalysis

general Review Iic0 MalIlet t Determinat ion 6f 0 - N w ftH C Lfl Ma - -

Nib - Ta. DMIC Memo 40, 31 March 1H6.
III; Nielbuhr Praxis der Gasbestimmung in ho'h'sthmelzenden

Metallen (64s Dete'ritnation in Rfrac tory
Metals). Proceedings otf Third, Planet

112i F~ssl Spectrographic Determination of 0,2 N H in
Metals. Atomic Energy tfeenUnoited
:Nations, Geneva, Sept. 1958j No.917i

113. Page!, Determination of 0 N H ilt Refractory
Meas AnAlytical Chemistry, Voli31., 1959,,
p. 1115i

Oxygen 114. Harris Wetinghouse Research ReiPort 6a946O-2&9&R13,
August 1957i

115. Harris Technolg of Cbt. Report Of the gleCtrO-
chemical Society Meetinig, 12 May 1957.
Washington, p.51.

116, BeglIeyRe., p9-7
117. socif4 Levallois, France, unpublished.

Ku] hman
118. Code!,! Determination of 02 in Metals. ASTMSPecial

Technical Pu~blicationi No.222, 1958.
119. Hansen Determination of 02 in Nb. Analytical

Chemistry,,Vol.29, 1957, p.1868.
120. Durand Dosage de 0 20 Socikt6 Franpaise de

M6taluge Octber 1959.

Nitrogen 121. Harris Westinghouse Research Report 6m94602-9-RiO,
June 1957.

122. Harris Ref. 115.
123. Begley Ref.36, p.94.
124. Societe' Levallois, France, unpublished.

Kulhmann
125. Gonard The Determination of N in Nb. Westinghouse

WAPDTOTA 203-,UC4, 24 April 1956.

Tantalumn 126. Begley Ref.316, p.94.
127. Theodore Westinghouse Materials Eng. Rep. 5704-4O15sA,

April 1957.

Fe-Zr-Si- 12,8. Begley Ref.36, p.94.
Ti etc. 129. Reed Technology of Mb Electrochemical Society

Meeting, 12 May 1957, Washington, p.54

130. Societe' Ref. 124.
lul hrann
131 Plila naytc. Chemistry of NiobPim and Tantalum.
et PaIii Analytical Chemistry, Vol.25, 1953, p.926.
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The knowle~dge of the characteristles of the diffusio~n touples N'b-X is limited, in
the Case of niobium, to, elements 0, N, H, . iNo information conterning metallic
eledents s'eems to have beenl provid'di yet,.

This question is therefore Clos'ely connetted with, that cotisidc'oedi in Sectiotn 1.4
(behaviour in a, giase6US ffdiumff). One should espeoiaily qutote:

Nb 132i Resnick The Self-Diffusion of Cb. TAIME. April 14,

Niroe 13 A~Act' ivatioi 'Efterge and Di ffuion Coefficient of

and 0) and N in Nib; Acta MWtallurgita, Vol.1, 1953,
Oxygen P'. 1 23 .

134. K 1Opp Ref. 100.
3. ims Studies of the Oxidation and Co6ntaminati'on

Rtesistahce of Binary Nb Alloys. (Ti Ct Zr
V - Mfo a- W), at 800a1,OOOG in Air. BMI

Repo rt 1169 or TransiAgM,,Vi, v;'109,9, p.256.
13,6i Ki Opp Oxidation and Conttdmino(tio*n Reactions of

Nio'bium and Niobium Alloys. Battelle Memorial
Inlstitute Report 1317, February 1959.i
[Diffusion of 0 and N in Nb (0.16) and in binary
alloys (P.3401.

137. dui Pont Diffusion of 0 and N in Alloys of Nb 10Th 1OMo
de Nemours (p.i10- 12). Technical Memo Nb lOTi 10MO and U.S.

Patent 2, 822, 268, 1958.
13,8. Michael, Oxidat ion of Nb Base Alloys. AIME Conference,

Buffalo, May 1958.
139. Kl ing Development of Oxidation Resistant Alloys.

Technology of Cb. Wiley, New York, 1958, p.87.

139a. Klopp Ref. 1la.

Metals 140. Beach Electroplated Vetals on Nb. Technology of Cb.
Wiley, New York, 1958, p.81.

141. Beach Electroplated Atals. BMI No.1004, May 1955.

General 142. Wert Measurements of the Diffusion of interstitial
Atoms in BO Lattices. JAP, Vol.21, 1950,
p.1196.

143. Wagner The Formation of Composite Scales. JES,, Vol.103,
p.571, November 1956.

144. Kubasc'hewski Oxidation of Metals and Alloys. Butterworths,
London. 1953.

145. Marx The Internal Friction of Nb. Acta Metallurgica,
Vol.1, 1953, P.193.

1454. Powers Somne Internal Friction Studies in Nb. TAIME,
Vol.209, 1957, p.1285.
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1.4 Behaviour in, a Gaseous Enivironment at Elevated Tremperature

(a), Oxygen me tlK T (be) 1r~r Remarks

1416. G-Ulbranen, Reactions of Zirconium, INb :103701 @'.1 htm parabol id
Andrew Titd.niUr, Colunblum oad laws

Tantalum with the Cas esi
Oxygenm, Nri*tf,6gen, mdd
Hydrogen at Elevated
,Temperatures. JE~,Vol,96,
December 19049, .r364.

141. Oulbranseri Kinetics of the React iots: :N.b 200 875 Q.1 atmb I arabol 1C
of Ni-obium and Tan~talum as

With Oxygen, Nitirogerz~
and Hlydrogen. TAIME,
Vol.198, 19050.j P,5896,
(in journal Of Metals). i

148. BegleY Aef.36, P.3-519. Nb 3:50-400 0. 1 atmf transijtion
149. A-ylmore oxidation of Nioabium Nb 3504700 1-G. 1 atmlfr~fm

et Amj in the Temperature dry or parabolie to
Range 3150 0450TC. 'wet linear at 4000
JES, Vol. 107, June 1960,
:P. 495.

150i Gulbranngen & Oxidation of Niobiumn Nb 375-00
Andrew Between 3756C and

7066C. AEs, Vol. 105,
jani. 1058, P .4.

151. -KoIsrki Columbium-Oxygen Nb 450-1200 1 atm dry
Reactions from 450 to

12000C. AIME confers
ence,,Chicago, 2 November
1959.

151a.Jaffee High Temperature Oxida-
tion of Cb. TAWM
Vol.51, 1959. p.2,82.

151b.Zmeskal & Oxidation of Zirconium Al Ioy$
Brey Niobium Al1loys in !Nb+ Zr 525-1090 100 mm

Oxygen at 525-10909C.
ASMPreprint 53,
No.207, 1960.

151c.Cathcart & Influence of Reactor Nb 400 760 Under
Young Radiation on the Oxidaw irradiation

tion of Niobium.
Corr sion, Vol.17, No.2,
1961, p.77.

151d.Kofstad & Oxidation of Niobium Nb 500- 0.1-
KJ6llesdal t'Co uinbiun) in the 1200 760

Temperature Range 50O9
to 12000-C. TAINE.
Vol.221. April 1961,
p.285.
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Metal'i T (T) Pressure *Remarks

15-2. Klopp Effect of Alloyinrg ofl !I Nb 4I-20 , atm
et alil the kinetics of ()xidd-I

tion of-MNiobium. Peat-
fin, Uses 6f Atomic
Ernergy, ofrn,
G'eneva, Septemnber 1958,
No42, vroi.6,, pli93,

.153. Klopp, 'Rf 00
154. Klopp, Ref. 1,6 MNb 400- 14001 1 atrn!
155. Bridges Hig1h Presure Oxida- Nb 460-800 101.2 at 40,

Passe I I tion of Niobium. jRs,,
viol.103, 1956 p.3:2!6,

156 Godhfidt XR 3  h titimo Nb 4-100 1 atrn influiieneo

NMA. JIM, Mareh 59, !dry or wet sample size

157. Argen t & The Owidation of 'Nib 400al1.056 1 atm influence of
Phelps Niobium, J M, V61.88, *dry or wet Samlhe siz

March 1960, pi301.

(b) Nitrogen
158.~ulran~ Re.14 1  Nb 100370 0. at

159. Gulbransen Ref. 146. Nb 100 370 0.1 atm

060. Kiop ~ Ref. 100. Nib 600- 1400, 1 atm,
161. Klopp Ref. 136. Nb 8001000 1 atm
162. Albrecht React ion of Nitrogen Nb 675-1600 1 atm parabolic laws

with Niobium. BMI
Report 13,60, July 1959.

(c) hlydrogen

163. Gulbransen Ref. 146. Nb 100-370
164. Gulbransen Ref. 147. Nb 2004375
1651. Brauer Re f.4.
160. Al brecht Ref.7.
167. Wilcox & Effec t of Hydrogen on

Hiuggins Dislocation tacking in
Niobium. JLCM, Vol.2,
AprilimAugust 196,0,
p. 292e

(0> Air

168. Argent Ref. 15'7. Nb 400-1050 dry or wet

169. inouye Sca 1iing of Cb in Air. Nb 400-1200 dry or wet parabolic at
Oakridge National 4000, linear
Laboratory Report 15,65. above
September 1955.

170. Klopp Ref. 100. Nb 600-1400 dry
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Metal TT (00) Pressur~e Remar'ks

171. X,000, Re f. 13,6. Nb T600-1200jdry or wet,
TalloysI 600-1,006 dry or wetdbinary or ternary

T falloys with Cra

Bem-g-Co-Fe 4n-

1121. K! opp Ref 152. INb 40 1 20: dry or 2,humidityt 315
damp, ~76 and loft

Talloys 'iDGG12004 dry or Tbinary with Va
d'amp TM6-cr-mTimZrW

i~ 3 1600-1000: dry terfnarty with

111i Sims R ef. 135. allIoys! 600-1000, dry binary with Ti-m

,14i Paprocki Thnvestigatt ion of Some all1oys 980 dry binary with Zr-
Nio-bium'Bhase Alloys; AlaMo4FeraNiz
BMI, Report 1143, V-W-mTa
October 1956.

175. Michael Ref. 138. alloys, 100 dry binary and
ternary with
W-Cr-AI ;Si Co-Ta

176. Bridges Ref.155, p.10-12. alloys 1000-1300 dry alloys Nb lOTi
1 omo

177. K ing Ref. 139. alloys 1000 dry binary with Ti-
V-Mo

178. Clauss effect of Binary Alloy all1oys 1000-1200 dry ibinary with AlN
Additions on the Si -TimV-Cr--Fe-
Oxidation Resistance Co-NimCumGemSem
of Cb. Technology of Zr=-MommTa-WmmRe-
Cb. Wiley, New York, Ir
1958, p. 92?

179. Barrett Oxidation of Gb-Cr all1oys 800-1200 dry alloys CbmmCr
Alloys at elevated 0. (1 to 17%)
Technology of Cb.
Wiley, New York, 1958.
p. 96.

180. Inouye Scaling of Nb in Air.
AIME Conference.
Buffalo, 19 March,
1956.

181. Cathcart The Microtopogrqphy Qf

Oxide Filns in Nb.
JES, Vol.105, 1958,
p.442.
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181ia. 9K600 ox idat ion Be'hav iour of GCb. OHM 123. January 11~0i

(e) Water vapour

182'. Betl ey Ref;55, p.771-94 (Nb, unall~yed, terBceatuxres 2:00-1-100 0C, p 5 0 m).

183. Sibert Study of the Equilibiumr of C a~nd 0 if Nb with W abve 16006C.
Third Reactive Metals Conferenlce, Buffa1oi May 1958.

193a. Maykuth The Fd'biiti 'n of CGb Al ly for 1-e in Pressurizted Water Rectors.
AIME Symposium on Calumbiu, Lake Oeotrge,, June 1960.

i 83b. KI600 The Hot Water Cbroas16hn of Cb. AIMIE Symposium on COIlunfbiun, Lake

183c. Maykuth Development of Corrosion Resitant Cb Ailoysi BM.I Report 1437,
may 1960.

1.5 Pfrotective Coatings

Publications onl this subject still pr~eflt mnany gaps.

184. Beach Procedures for Electroplating Coatings on Refractory Metals. DM10
Memo 3$, 9 Oct.1955.

185. Beach Ref. 14,0.

186. Beach Ref. 141.

187. Fnaus t Plattng on Unusual Metals. Plating, Sept. 1956, p.1134.

188. Spretnak Protectiton of Nb Against Oxidation at Elevated Temperature. status
Report 467, U.S. Dept. of Navy, p.16.

189:. Saubestre Electroplating on Certain Transition Metals. JEArl1959. p.305.

190. Naval, Z Process Prevents Gb Oxide.MislsadRce,4Jn.9,

Research p.22.
Labora-
tory
Wash ina
ton

191. Hirakis Research for Coatings for Nb. ReportfHorizons No.4, April 1957.

192. Kates 7thQuarterly Progress Report-,,Sylvania Corning Nuclear Crp r tion.

2:55, 15 February 1958.

193. Paprocki Cladding of Nb with Fe-Cr-Al1 Al1loy. BMI Report 1207, 16 July 1957.

194. BUckle Coating with Refractory (>xid s or Cladding with Platinum Group Metals.
MetallIforschu ng, Vol.1, 1946, p.81.

195. Kiop Oxidation Behaviour and Protective Coatings for Nb and NA Alloys.

DMIC 123, 15 Jan.1960.
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I96. Sandoz Coating Cb foi' Higher Temperatur~es. J0, April1 60, p.340, (Zn).

19'6ai Wainer Protect ion of Cb from Orxidation. U.S. Patent 2.93,2'82, April 195,9.

194b. K 1o p Zind Coatings for Protett i'n of Cb. DMIC Memo 8.8, March, 1961,

196C. K16pp Review of Recent Developmentt ont Coot ings. DMIC IMemo 10i April 1961.

10,6d. W!i6dek Coatings for Cb. JES, Voll0, No.2, 1461, v.1,77.

The University of 1llinois is conductin, under a WADC ontract, a. research pr~grar5
on~~~ ~ 1rtctv ceaiGotns vaiu ye f ating paint tylpe, flame Sprayed

type, thinameriamol type; thig last tye seems to offer the ;most interesting prospets.

Un ion Carbide t.roainhag developed satisfactory coatings Which stand up to over
1i00 hours at a temp~erature of 1.1506c, our over 700 hours at a temperature of 1.2500C.
Behaviour is satisfactory after 20 successive quenahings by water at 1,l0C and creep
characteristics under normal atmospheric pressuire for 100 hours at 1,1500C are Identical
to behaviour in vacuo.

Investigations are directed towards reachling temperatuires of 1,350-1,65~0.

2. TANTALUMI

2.1 Phase Diagrams

197a. Klopp Re f. 1 a.

197b. Vaughan Determination of interstitial Solubilities ifl
Ta. BMI 1472, October 1960.

-2.1.1 -Systems which can be Regarded as Known

Ta-O 197. Gebhardt The Solubility of Oxygen in Ta and its Effect
on the Properties. ZM, Vol.48, 1957, p.430.

198. ebhadt $lut ion and Oxidation in Ta . Z'M, Vol.48,

1957, p.503.
199. Gebhardt & Vor gdnge bei der Wdrmebehand lung von savers-

Seghezzi toffhaltigen urid oxydiertemt Tantal. ZM,
Vol.48, 1957, p.559.

200. Gebhardt Solubility of 0 in Ta and the Related Changes
in Properties. ZM. Vol.46, 1955, p.560.

201. Wasilewsky The Solubility of Qxygen in, and the Oxides of,
Tantalum. Journal of the American Chemical
Society, VQl.75. 1953. P.1001.

202. 5ch~nberg Ref.5, P.M4.
203. Andrews Reacti~on of Cases with Incandescent Tantalum.

journal of the American Chemical Society,
Vol.54. 1932, p.1845,
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204. Myers Some Pt-op'&rties of Tantaluwn. metail It1gia,

Vol.41, 1950,, p.301.
205. ebhardt Nevere Vhitersiuehfagen ii,- System Thrtal-Stickstoff.

et AMj Proceedihgs, Third PI&A'.ee Seminar1 Metal1werk
Plansee, iftutte, Tyrol 1054, p.291. (New
invstigations).

:8ee also. Setion 2.4.1I.

Ta- 2106. Brauert Ref.111, P. 1219.
2107. sch~fflerg Ref.5. p. 10,.
208. Hlore St Superconductivity and Structure of Hydrides and

Z116lrNitrides of Tantalumn and Colui'bium. j'ournal' of
the Amreican Chemical 'ociety,Vol.69 1 047
0. 2,762 i- 2 ---

21090. Gebhardt Untersuechungen im System Tartal-Stickstoff.
et alIi ZM:, VOl.49, 1058, pi577

216. k e Precipitation from Solid SoIdat ion of N trn Ta.
Physical Review,Vol.74, 1948, p.914.

211. Ge-hardt &Nevere Erkenrntnisse iea System TantalI.Sduers toff.
seghezzi Proceedinigs, Third Plansee Seminar, Metallwerk

PIanisee, ReUtte, Tyrol, 19,58, p. 280. (New
investigations).

See also Section 2.4.2.

Tall 212. kell Iey The Specific Heat of Tantalum at Low Temperatures
and the Effect of Small Amounts of Dissolved
Hydrogen. Journal of Chemical Physics, Vol.8,
1940, p.316.

213. Waite Structures and Phase Relationships in the
et alli Tanta lum-Uydrogen System between -1459 and 70 0C.

Journal of Chemical Physics, Vol.24. 1956.
p.634.

214. Brauer Ref. 4.
215. R&g R~tgenuntersuchungen i~ber die Hydride von

Titan, Zirkonium, Vanadin und Tantal. Zeit-
schrift fUr Physikalische Cheniie, Vol.B 11,
1981, P.433.

See also Section 2.4.3.

Ta-B1 216. Brewer A.Study of the Ref ractory BoQrides. Journal of
et alii the American Ceramic society, Vol.34, 1951, p.173.

217. Kies~1ing The Borides of Tantalum. Acta Chemica
ScandinaviaVol 3, 1949, p.603I

218. Norton Ref. 13, p.749.
219. Kieffer Uber ein neues Verfahren zur Herstellung von

et alii Metallboriden der Ubergangsmetalle, insbesondere
von Titan " und Zirkonborid. Z.AC, Vol.268,
1952, p.191.
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21210. Post Transit ion Metal Di'bridegi Acta Metaillurgick,
et alji Voli2, 1054, P.

221. Nowotray Ref i64.

Tat-M 22. Book e ftef.,I4 (Solubility ill all pro otibfis),i
223.. Geath & The Alloys 6f Molybdehum and Tantalumi JIM~j

Stllte rg-Saith vol.80. 195.1, viO~
2:24.i Raditke The Al lbyg of Mblybdrenum- oand Thntalun. 3J1M,

225. Myers Som-e Properties 6f Todntdluin-Rlth Alloys with
Wolfram ahd Molybdenum. Nietallurgiaij Vol.42,
'1950, 0.3i

22,6. El1liott Rlef.35,. P.25L.

Ta-Nb 227. giwcl - Rf.l4. (Solubility if al WOotin)
2:28 ~ W il!iamvrs Re f .25.

Ta- W 22A. Mick 1,e ftef.14c (S6lubility in all propottioyls) .
230.i Schrammrn The Alloy Systems Uranium4ungs ten, Uraniumt

et alli Tanta~lum, ahd Tugtnanau TAIME,
Vol,,188. 1950, 0.105 (in, Journal of Metals).

211481 EliOtt :Ref .3U, p 25.
232. Myers Ref. 225.

2.1.2 Part ially Defined Systems (espeecially for low Ta percentages)

TA-C*' 233. El ,inge r The Tantatumn-Carbon System. TASM, Vol. 31,
1943, p. 85.

234. McMullin & The Ternary System Tt-Ta-C. TAIME, Vol.197,
Norton 1953, p.1205.

235. Geach & InteractiLons in Mixtures of Hard Materials at
Jones Very High Temperatures. Proceedings, Second

Plansee Seminar, Metaliwerk Plen~ee, Reutte!
Tyrol, 1955. p.80 (and Pergamon Press 1960).

236 MesTe Sintering of Electrolytic Ta Powder,

Metallurgia, Vol.38, 1948, P.307.
237. Norton & Ref. 13.

Mowry

TamVCO* 238. Myers Ref.236.
239. Koster & Ref. 30.

Mul tin er
240. Elliott Ref.35, P.22.
241. Greenfield & Ref. 79.

Beck
242. Wallbaum Ref.31.

TawCr** 243 Kubaschewski Ref.41, pp.410 & 418.

244. Duwez Ref. 71.
245. Elliott Ref.35, P.23.
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T1146" 246'. Oenders Tantalum-iron Alloys and Ta4ntalut Steels.
Journal of the Iron anid Steel Inistitute, Vol.
134, 1988, v.173.

241. Wal hatrn Ref. 3'1.
248' Myers Ref i IN.

Ta-IFr 249. Wul f f Work perfofffed at MIT un~der US Goverfiffent
contract. Report NM-g.2.05, Feb.i1959.i

156. knapton Re f i16.

Tav-P 25 1. Thekelgen Properties of the Alloys of Nickel twith
Tantalumn. Metals and Alloysi vol.4, 1933, p.1,05.

251. KXubathewski Rtef.41, PA417.

TW-OS 258. Nevitt & Sigmna Phases Containing Osmium and Ihidiurn.
DOwhey TAIME,. VOL,209, 1957, p.1072 (itn journal of

Metals, volio, 1957).

2'54. Kaufmann Work Performed at Nuclear metals under US
0overnment conttactsi

255.i knapton Ref. 16.

Ta-4e 2156 Greenfleld Ref79
257. Wul ff Ref. 249:.
2517a. Brophy The Tanta lum-Rhen ium Systems. TAIME, Vol.218.

et aii Qctober 1960, P.910L.

Tra-Ru 258. Greenfield Ref. 79.
259. Kaufmann Ref. 65.
260. USAF Contract (Complete diag ram).

Ta-Si* 261 Geach Ref.235.
262. Brewer High Melting Silicides. US5AEC Report AECU-607,

et alji 1949.
263. Kieffer Reitrag zum System Tauntal-Silizium. ZM, Vol.44.

et alii 1953, p.242.

264. Wallbaum Disilizide des Niobs, Tantals, Vanadiwns und
Rheniums. ZM. Vol.33, 1941, p.378.

2,65. Knapton Ref.44.

Ta'TtP 266. Maykuth Titaniuin~ungs ten ond Titanium-Tantalum
et aji ystems. TAIME, V61.197, 1953, p.231.

267. Suumers-Smith The Constitution of Tantalum-Titanium Alloys,
JIM, Vol.81, 1952, p.73.

268e Duwez The Martgrisite Trans fQrmat ion Tempratr in
Titani;4m Binary Alloys. TAS5M. Vo1,45. 1953,
p.934.

Ta-U 269. Schramm Re f .230.
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TaZr* 2,70. Shelton Zirconium Allo6ys f High Tempera ue Servic d.
TUSAC4--TR-92,, 1945.

21. Anderson A Preliminariy Survey of Zi~onlium Alloys.
et AMj US Bureau of Minea, Report 4,658, 19510.

212. bornagal a Armour Reseatah, Founidation, B 068. August 1055i
2731. 911iott Ref.3 5,
2714. wul ft Re f .240:i

2. 1. 3 Sys tenu Stud ied In Cer tain Respectts Oh ly

T%4A1" 215. Brauer Ref. i59.
276 arauer K(ristallstruktorF internmetallischer Verbinudungen

des Aluntinilumis rait Titan, Ziirkm, Thoirium,
Ni6,b anid Tantal. Naturwissenchaften, Vol.26,

Ta~Be" 277. Kaufman, Ref. 65.

ua-suo 278. Ell 1iott Ref.385, .23.

279. Dowson Somze Alloys of Cbpper- [with Tantalum and with
Vahadiuml. Metallurgical AbSttraets. Vol.4,
1937, p. 606i

Ta&f 280. E11liott Ref. 35i

Ta-41n* 281. Wailbaum tief.381,
282. Elliott Ref. 35, p. 25.
283. Greenf iel d Re f. 79.
284. Schbnberg Me tall1ic Ternary Phases in the *4-a Sys tem.

Acta Metallurgica, Vol.3, 1955. p.14.

Ta-P 285. $ch6niberg Ref.5, p.226.
286. Zumbusch & Fart Vergleich der Phosphide von Vanadiwn, Niob

Biltz and Toantal. ZAC, Vol.249, 1942. p.20.

Ta-Pt** 287. Greenfield Ref. 18.
288. Knaptofl Ref. 16.

UAWRh 289. Greenfield Ref. 18.
290. USAF Contract (Complete diagram).

Ta-S 291. Biltz Ref.84.

Ta-Sn 292. Matthias Ref,94.
293 Geller Ref.76,

Ta-Th 294. Sal1e r Re f.-49.

Ta"V* 295. Rostoker &A $ S yo aaimBiaySses AM

Yamamoto Vol.46, 1954, p.113,6.
296. Elliott Ref.35, p.25.
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2.1.4 T44Ternary Alloys wIth Two of the Folilowing: W-Nb-VMo-Gr-Re Os

2907. Abstaker A S tudy of 'Ternary Ph a se Diagrafs of :Wand Ta.i WADC TR

59a492. March 196k

2.1.5 Unstudied Systemst

Ta-Ag* Ta-A a-A -Ta-B na a Ta-Bi w Ta-Ca - TaCd,* w Ta-Ce" a Tawflg w TI&-In. -

Ta - Ta-Ca - TawLa" TsatLi - TaMg* - Ta-iNa. TaPb w T640- a-wSb aTB-Sf -

Ta-Te -TawY** - Ta-Zn.

2i2 Impurity Effects and Analysis

M~.1 Effdett

oxygen 298. Gebhartdt Ref. 197.
29. ebhardt R eff. 1 98.

300. Gebhardt Re f. 2:00~
301. Yancey Metallurgiedl Characteris tics of Ta. Proceed-

ings of the Conlference on Reactive metals, Bufalo,
1956. AIME, institute of Metals Division, IND
Special Rteport Noi,5, 1956. 0.102.

362. Klopp Investigation of the Propertie.s of Tantalum and
its Alloys. WADC TR 58-525, Nov.1098 PP.4-6
and 14-25,.

303. Andrews Ref. 203.
304. Parkins Hardness Effets of Dissolved Gases in Ta. Los

Alamos Rep. LA 2316. 15 May 198

305. Dravnieks Oxidation of Metals in Oxygen at High Temperature.
Journal of the American Chemical Society, Vol.72.
1950, P.3761.

Nitrogen 306. Gebhardt Ref.209.
et alji

307. Parkins Re f. 3,04.
308. Wright Absorption of Cases by Ta. Nature. Vol.142,

1938, p.794.
309. Klopp Ref. 302.

Air 310. Wright Ref. 308.
311. Klopp Ref. 302.
312. Parkins Ref. 307.

Hydrogen 313. Andrews Ref. 203.
314. Parkins Ref. 307.
315. Wright Ref. 308
316 Sieverts TeEctrical Res'stivity of Tq Saturated with H.

Zeitschrift fdr Physikalische Chemie, Vol.A 174,
1935, p.365

317. Clauss- FragilttO du Tantale en Prisence d'Hyqdrqgine.
Forestier Com tes Rendus, Acad'inie des Sciences,

No.23-246-3241, June 1958.



M1s00lm 318. Aftdrw9 Ref.263 (Water vapouir at 0004l,200,6C)
laneous 310.i Myers Ref.236 (C aFe mNi).

..2Artalys is

Geneiral 320G. Mallett R'ef. 110:.
Review 3,21. i asael Ref. 112

822i 'Nietbubir Ref. 111.

Fe-Ti-Cu32. Hastin~gs & DtehniLnat ion of SnaIl Amounts of Niobium i*n
Nb-Mok MtClarity Pure Tanta.lur anid its Oxide. Analytical

Chemistry, Vol16, 1954, :0;683.

41i se!- 324. K'Inge r ge itrag zur Anialyse des Tiantalmetallt. 'Metal~l
l'Aneous, et al ii Uid, Eriz Vol. U. 1941, pi.124.
doftcerh-
ing Nb

Igneous 326. Schoellet Andlytical Chemistry of Ta and Nb. Chapman
and Hall, London, 1931, 00. 121-1334

328. l t osen High Pur ity Tantalumt. TAIME. June 10-59,p.472.

Oxygen 329. Codell Ref. 118.

2.3 Diffusion

As in the case of niobium, the knowledge of the characteristics of the diffusion
couples Ta4X is limited to gaseous elements.

Besides, the problem is closely connected to that studied in Section 2.4.

Nitrogen 330. Ang Ref. 133.
and 331. Dravnieks Ref.305.

oygen 332. KeInternal Friction in the Solid Solution of (9 in
Ta. Physical Review,Vol.74, 1948. p.9.

333. Ke Stress Relaxation by Internal Di fus ion in Ta.

Physical Review, Vol.74, 1948, p.16.
334. Ke Ref. 210.
335. Gebhardt The Diffus ion of Oxygen in Ta. ZM, Vol.48.

1957, p.624.
336. Powers Internal Friction of Solid Solution of 0 in Ta.

Acta Metailurgica, Vol.3', 1955, p.135.
337. Michael Oxidation of Ta Base Alloys. AIME Conference,

Buffalo, May 1958.

338. Bakish Metallographic Manifestations of the Air
Oxidation of Tantalum at 750TC. JVol.105,

1958, p.71.
339. Klopp investigation of the Properties of Tantalum

and its Alloys. BM Quarterly Report, Jan.1959,
Contract AF 33'616-5668.

There Is no Reference No. 327
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339a. Klopp Re f. i a.

C~bn34. Ke Internal Fict ion In the Solid Solution of in
Ta. Physical Review,. Vol..14, 194,8.

-341oer C44a Internadl Fri'ction. JAP, Vol.28, 1957,

tron 342. Vagsil1ev Univetsite Lenitha, V01.65, 1955, 0p.47.

MIScellagneous 343. Kl.1Opp RefL 30, 0;.87-42.
344. Ke Ref. 333.
34,5. Marx The Internal Friction of Ta. Act& Metallurgic-a.

Volii, 1153, p.1.

346. Wert R ef. 142Z.
341. kubaschewski Ref.i 144.
348. Powers Internal Friction of So lid Solution inh, Ta.

Acta metailuxgica, Vol.4, 1956, P.2-3
348a. boyl e Internal Friction in Solid Solutions! of Ta.

Act& Metallurgica, VOL4. 156., P.233.

2.4 Behaviour int a Gaseous jEnvironmffent at Elevated Temperature

2. 4.1 Oxygen

jMetal T (OC) 'Pressure Remarks

349. Gulbranseft Ref. 146i Ta 100-370 0. 1 atm 'parabolic laws
350. Vermilyea The Oxidation of Ta at Tat W0300 1 atm l inear l aws

50-0,00 0C. Acta Metal-
lurgica, Vol.6, 1958,

351. Gulbransen Reactions of Columbium Ta 250-450 0. 1 atm parabol ic laws
& Andrew and Tantalum with 0 ,N

and H12. JOM, Vol. 188.
March 1950, p56

352. Dravnieks Ref.305. Ta 500 0.5 mm :linear laws
353. Peterson High Pressure Oxidation Ta 500-1000 0. 240 atml linear laws

'?f * feais: Tantalum in
O\vgen. TAIME, Vol.200,
1954. p.1038.

.4. Gpbhard r Ref.198 Ta 800-1500 1 micron linear laws
15. Albrecht Invest igat ion of the Ta 6001400 0.2-1 atm linear laws

Properties of Tantalum
and Its Alloys.
Battelle Memorial
Institute, BMI Quarterly
Report, Jan.1959, Con-
tract AF 33-616m56618.
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Me tal T 10C) Pressure Remao.rks

Simi Sau'r High, Pressure Oxidation I Ta 15004900 1 t6 7 atmf
et aIii of Metals. Oxidati'on of

Metals under Conditions
,of Lin~ear Temperature,
Increast. MES, o.12

357i Bakish Some Obsera tions~ on Ta 750
the Effect of the Inter-
aett~of of Tantalum With HH
Oxygen. NI-trogeL. anid
Hydrogen. JES, Vol.105,
195,8, p.574.

358. Antdrews Ref. 2038.
3,58i. Cowgiii & The Effect of Oxygen Ta 600-900 1 760

Sttiager Presure on the H igh
Temperature Oxtdat-ibn of
Tantalum. JEJCM,, Vo1;2,
No. 2, 1960, p. 23 3.

358b. Cathcart Oxidat ion Properties of Ta 40M-30 760
et a-iji Tantalum between~ 4000

and 5366C. JES. Vol.107,
No.8, Aug.1960, P .668.

ass8c. Pawel Microtopography of Oxide ITa 300M00 760
et alil Films Formed on Tantalum.I

JES, Vol.107, No.12,
December 1960, 0.956.

2.4.2 Nitrogen

359. Gul bransen Ref.351. Ta 250-3,50f 0. 1 atm
360. GuI bransen Ref. 146. Ta 500-850 0. 1 atm parabolic laws
361. Bakish Ref. 357. Ta 750 -

362. Albrecht Ref.355. Ta 1500 1 atm parabolic laws

2.4.3 Hlydrogen

36. Andrews Ref. 203.
364. Wagner Ref. 143.
3,65. Kubas- Ref.144.

chewski
366. GuI bransen, Ref. 146.
367 Sakish Ref.357. Ta 350-800 0.1 atm linear
368. Clauss Revue de M~tallurgie Ta 200Q =

Scientifique. November
1959 (Fragilisation de
Ta prH)p.614, also

Proceedings, Third Plansee
Seminar, Metallwerk
Plansee, Reutte/TyrQ!.
1958, P. 277.
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2.4A4 Air

9,00 Wab A Spec tirophoome tr Ic Ta 200-300 dry logarithinic laW
et alii Study of the Oxidait On 3 9 -a3,5 0, d fy pa-rabolic law

of Tantalami JE,

31,6i Bak ish, Ref i351. Ta 750o dry -1i near law
3,71. Miehael Ref. 337i T& 870-,100y dry linear law

ia1 loys 10 dry ibinary allIoys
'wtMomW V Zr-

adi ternary
172. KlOpp Ref. 339.i Ta 5 00a1000:1 dry

allIoys 12,0 binary aloys

81, Kubasa Ref i 41 Ta 12'50 dry
chewski alloys 1250 dry alloys Ta-!Ni, Ta Cr

an~d Tra-Ni-Cr
314. Mye rs RC-f225. alloys - - alloys Ta~mo and;

TbA-
914a. Albrecht Reactionzs of Pure Ta Ta 400-1500- 'dry or wet

with Air, Oxygen,

Nitrogen. TAIME,
February 1961, P.110.

314b. Kl000 'Effect of Alloying in Ta. alloys'1000-1400: binary &ternary
ASM Preprint 221, 1960. iwith Ti-Zr-,Hf-

V-Cb-W-Mo-Re

2.4.5 Miscellaneous

375. Andrews Ref.203 (Ta, 800-12000DC. water vapour hydrocarbons).
376. Wright Ref. 308.

2.5 Protective Coatings

Publ ications in this subj ect are almost non-existent

377. van Qilder Electro eposition of Gold on Td. U.S. Patent 2492 204, Dec.1949.

37. Beach Ref. 184.
379. Faust Ref. 187.
380. Saubestre Ref.189.
380a. Klopp Ref. 19.6c.

The research work carried out by the University of Illinois and mentioned in relation
to Nb is similarly conducted for Ta.

Flame sprayedAl 03 coatings have also been contemplated.
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3iTUjNGSTEN

3.i1 Phase Otigrams

38lai lo. Re. L Ia.

1.1.1 Systems wphifch can be Regarded as Known
W.mo 3'8,1 . 'Wdck 1e Ref.14. f(89444 -96'bility ittall prprtions).

3:2. jefiries Tngsten4olybdenum Equilibr~ium, Diagram and
System of Crystallization. TAIME, Vol.56,
1917, p 600.

3183. Geiss & Zur Ke'nntnis des binarfen Systemns Wolfram
vanl Liempt Molybdan ZAC, Vol.12328, 1923, P.355.

384. Richards The System of Tungsten-Molybdenum.n TAIME,
Vol ,56, 1917,, p. 138. [9iscission of the papers
,of Z. Jef fries (0.600) aild FaA.V'ahrenwald,
(p. 612))i

3H5. Kaya & Ferrrgnetisitiu and Phastergestabturg in-
KUssmfann Zwe is toffsys tern Nieke i-Ma gnan. zeitsth'ift

fur Physik, V61.7, 01931 p.293.

W-Nb 31861. BUck 1e Refi14. (Solid 9Sdlubility in all proportionls).

W-ta 387. Nick! 6 Ref.14. (solid Solubility in all proportions).
388. Schramm Re f.230.
389. Elliott Re f .35, . .23.
390. Myers rief.225.

3.1.2 Partially Defined Systems

W-A1~ 91. Clrk Th Almnu-Tungsten Equil1ibrium Diagram.
JIM, V6l.66, 1940. p.271.

392. Adam & The Crystal Structure of WAL 2 MoAl 12 and
Rich 'Mn, r)Al Acta Crystallographica, Vol.7,Rich(Al, Cr)A 12 - -P.

1954, p.813.

W B 393. Kiessl in,, The Crystal Structusres Qf Molybdenum and
Tungsten Borides. AOs, Vo1.1, 1947, p.89-3.

394. Brewer Ref.216.
3,95, Kieffer Ref.219.
396. Glaser Contribution to the Metal- Cqrbon-Boron Systems.

TAIME. Vol.194, 1952. P.391.

U-Be 397. Kaufmann Ref. 65.
398. Misch Kristallstrukture lie Untersuchungent von einigen

Beryl liumlegierungen. Metallwirtschaft
Wissenschaft Technik,Vol.15, 1936, p.163.

399. -Work Performed at WADC under US Government
Contract.

W.C* -400. Schwartzkopf Refractory Hard Metals. MacMillan, 1953, p.153.
401. Nowotny Das Driestoffsystem Titan-Wolfram-Kohl ens tff

et 44il ZM, Vol.45, 1954, P-97.
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402. Pf au & Uber die Kristalifbit des WObfrankarbides KC
ftix und die Verteillung der Koh lens toffa tome in

403. Brewer lzof. 21.
404. Nowotniy & A'6n tgen'ogrdph is che Untetsuchung vont karbid-

:as ~aioscugVi No.i6, 1047, p.257).i

Wo* 40. Kteitz Ko6'bdlt Wolftrnmlegie:Fun-geni M etall and Etz,
V6l.10, M2,~ RAM7

406i 96ster & Die Zweistofftysteme Kobalt4Woifram und kbbalt-
Toim M6 lybdan. ZM., Vol.24, 1912i 0.;

4,08. Sykes The Cobalt-Tiungsten System. Transactions,
ASST Vol.21, 1033i p.8:85.

WC 409 Ttzebiatowski X-Ray Analysis of Chromium4Moiybdenum oand
et alji GhromiumTugs ten Alloys. Analytical Ghemistry,

Vol.19, 1947, P,.93._
410. Greeniaway 'The Constitutional Diagrwn of the Chromium-

Tungsten System. JIMj Vol.80, 1051, 0.589,_
41L. KubasOhewski & Ober die Systeme des Ghroms mit Wolfram und

Schneider Molybddn. Zeitschrift tilt 916ktrochermie, Vol. 48,

1942. P.671.
412. MtQui 1lan, Discussion on Constitution of Transitioft-Metal

AlIloys. JIM, Vol.80, 1951, 0f.697.
413. Greenaway Discussion on Constitution of Transition-Metal

Alloys. JIM, Vol.80, 1951, p.698.

WF 414. Gregg The Alloys of Tron ann Tungsten. Mc~raw-Bill,
1934.

415. Sykes Notes on the Soltdus Temperatures in the Systems
Iron Tungs ten and Iron-MAllybdenum. TAS7, Vol.24,
1936, p.541.

416. Sykes & The Intermediate Phases of the Iron-Tungsten
van Horn System. TAIME, Vol.105, 1933, p.198.

417. Elliott Ref.35.
418. Goldschmidt The Strujcture of Carb ides in Alloy Steels.
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421. Smith Precipitation Hardening in the Fe-4'$Stm JAP,

Vol.12, 1941, p.817.
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Vol. 115, 1925, v.194M
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420i Gtrtnt Work Oerfornmed at MIT under Us, 6overnmtent

contract.

*air 430. Raub 100 Jahringen Ju'biluhs. P'irma Heraolusa
Hianau, 1951, p.i124. Also, ZM. Vol. 48, 1451,
p.'53.

431. Knapton Re f. 17.
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Wa-N 433. gziithells & Reactions of Incandescent Tungsten with Nitrogen
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Society, 1927. p.1882.

434i Davis The Ae-tivated Adsorption of Nitrogen on a Finely
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Chemical Society. Vol.68. 1946, p.-1395.
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436. Schbnberg Ref.6, p.204.
437. Kiessling & The Nitrides and Oxide-itrides of Tungsten.

Peterson Acta Metallurgica, Vol.2, 1954. p.675.

4318. Kiessling & Thermal Stability of the Chromium, Iron and

Liu Tungsten Bor ides in Streamning Ammonia and the
,Existence of -a N Tgsten Nitride. TAIME,
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Microduretd des Alliages Tvngst~nee-Chrome"
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440. Hazlett &Effect of Some Solid Solution Alloying Elements
Parker on the Creep Parameters of Nickel. T M.

Vol.46, 1954. P-701.
441. Epremian & The Crystal Structur fNiW. TAIME, Vol.185,

Harker 1949. p.267.

442. Ellinger & The Nickel-Tungsten System. TASM. Vol.28,
Sykes 1940, PA619

443. Vogel O~ber Wolfram-Nickellegierungmn ZAQ, Vol.116,
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4451 Hfigg &t /3-ungsten as a TUh'g*tenOxide. Acta
sehftberg crystallographima, Vol.7, 19554, P.351.
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1950, p.356.i

447. Magn,4I i X-Ray S tudIt'es on the Sys t em M6,l1ybdenum Tr iox ide~m
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D avis pi131i

452. Roseti he Thermal Expansion a.nd Phase Tr ats itions of
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W&OS 453. Raub R ef. 43 0.

W'pt 454. Jafee &Plattium-Tungs ten Alloys. TAIME, Vol.180, 1949,
Nielson p.603.

455. Nuitgren & A Preliminary X Ray Study of Binary Alloys of
Jaff 6e Platinum with Cobalt, Molybdenum and Tungsten.

JAP. Vol.12, 1941. 0.501.
456. Greenfield Ref. 18.

W-Re 457. Greenifield Ref. 18.
458. Knapton Sigma Phases in Rhenium Alloys. Bulletin of

the Institute of Metals, Vol.3, 1955, p.21.
459. Becker &Uber die Schmelzpunkte im System Wolfram-

Moers Rhenium. Metallwirtschaft und Technik, Vol.9,
1930. p.1063.

460. Dickinson & 'the Constitution of Rhenium-Tungsten Alloys.
Richardson TASM, Vol.51, 1959I P. 758.

Wp-RU 461. Raub Ref.430,
462. Greenfield Ref. 18
463. Kaufmann Work performed at Nuclear Metals under US

Government Contract.

wesi 464. Kieffer Beitrag zum System Wolfram=Silizium und Uber
et alii die Zuinderbestdndigkeit einiger silizide.

ZM, Vol.43, 1952, P.284.
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466. Aronsson The Crystal Structure of Ni P(Fe Pnye). ACS,
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467. Knapton, R'ef 44.
468. Btewer iligh-Melt tig S il icides i Journal of the

et aiji American ceramic Society, V61.33. No.10G, 1950,
v~.291.

464. Schwarzkopf Ref .400.

Wa T i 474. Matykath, Ref.2166.
471. Eastwood The Tt-Mn, Tt-w, TLT Phase DI) agFams. BMI',

API'R 6516. 'part 1, 1951.

411i Nowot'ny5 Ref i4 01.
473. iru we 2 ROL.268.

W~r" 474. Domagal a Systerns Zii-coni rrtaMlybde#nutm and -iFonumt-
et aiji Wolframfi TAIM, vol.197, 145,2, D.73.

475. 06ach & Systems Zirc-oniumf4olybdeum and Zi.-conium-
Slattery Wolfram. TAIME, vol.157, 1953,, Di147.

476C Shelton kef.i270.i
477. 91liott Ref.3-5, p.23.

3.1.3 Systems~ Studied in Certain Respects 6hly

W&Ag* 478i Bernoull1i Ueber Wolfram und etige seilner Verbindungen.
Annalen der Physik and Chemie, VoliIII, 1860.
0.73

W- As 470. Heinerth &Ref. 60.
Biltz

W-Ri 480. Sargent The Production of Alloys of Tungs ten and of
Molybdenum in the Electric Furnace. Journal

of the American Chemical Society, Vol.22, 1900,
p.783.

W-Ca 481.Kremer Notiz iiber Wolfram und seinen Legiru gen
Abhandlungen aus clei Institut fUr Metallhttten-

wesen Technische Hochschuie,. Aachen, Vol.1,
1916, No-., p.7.

w~Cu** 482. Kremer Ref.481.

W-Ga 483. Jaf fee Gallium in Nuclear Reactors; Considerations
for Use as a Primary oolant. BMI. Tn!7, 1949.

W-Ge 484. Wallbaum Ober Intermetallische Germanium verbindungen.
Naturwissenschaften, Vol.32, 19-44. p. 76.

485. Hardy Ref.73.

U-Hg 86. Irvin & The Splubilities of Copper,Mages, ndom

Russell $pringly Soluble Metals in Mercury. journal

of the Chemical Society. Part 1, 1932, P.891.
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w~Rg 48-8. Busk Latt ict P lramet of M.ge,!iim Al loys. TAIN,
Vol.8, 1950i 0.146G.

489. Sauerwald, Zur Syttemtik der Verwezndtschaft dent
hoch~shtzetiden und hexagonalen Aktalle wit
Magnesium land aber hochwvarmieste Legienringeni
af Mg-Th-Zr-as is.i ZACi VoL.258,j 1949, P.296.

Waln 490. Kremer P, f .4 8 1.
491. Zwiciker Uber die GamaeaPhae des Maga (1) Der
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Biltz ZAC, V61.248, 1941.j p.20.

403i Schbtiberg Re f .5, P. 22:6.
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P. 251i

495. Heinerth & Ref. 60.
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Wq-Pb 496. Kremer Ref.481.

W-PdP 497. Raub Ref.430.
498. Greenf ield Ref. 18.

W-Rh* 499. Raub Ref.430.
500. Greenfield Ref.18.

Wes 501. Glemser Uber Wolframsulfide antd Wolframselenide. ZAC,
et aii Vol.257, 1948. P.241.

502. Ehrl ich Untersuchngei an Wolfransulfiden. ZAC, Vo1.257.
19-48, P.247.

weSe 503. Glemser Ref.501.

W"Te 504. Knop & A Note on the ys tern Wolfram-Tellurium.
Haraldsen Canadian Journal of Chemistry, Vol.34, 1956,
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W-J 'l507. Schranm Re f.i 280.
508i SUMMers-~mith, The System Uranium-Tunftgsten. JIM, Vol.8-3,

W&V 50. Rostoker Re f 2 95.
51k. Kef fer Tungsten Alloys of H11gh Melting Point. JLCM,

51 1. Armour Research cotiutis Solid 8blution, (ufpUblighed)i
'Foundation,

w-Zn 511 ~ k6ster O ber die Legierungsfdhigkeit vnZn ~
Schmid W6lframt und 'MblybddA. ZM, Vol.46, 1955. 0.46-2.

5,13. HeUmhn Beittog zur Kennt'nis des Systemts ZinkmGhrom.i
ZM, Vol.39, '1948. 0.45.

3,1,4 bhstudied Systews

Wi.Au aWa a W-Cd W4-* a Wiad w W-na W&K wW-La" - W-LI WaNa W-S~b aWaSnw
W-Se W-Y** W&Zh

3A1.5 Ternary Sys tems

The following ternary systems are being Studied at the present time.

*w-Ta4e by Wulff mMIT under contract with the US Government.

T W-Ta-Zr under the responsibility of the WADC.

W with two ofthe following: Ta -Nb -V- No -Cr-wRe -Os

514. Rostoker Ref. 297.

3.2 Impurity Efferts and Analysis

3.2.1 Effects

T12 $15 Jeffries & Tungsten and Thor ja. Proceedings of the
Tarasov Institute of Metals Divn. 1927 [Vol.1].

American Institute of Mining and Metallurgical
Engineers, p.$95.

516. Soiithells Reduction of Thorium Oxide by Metallic Tungsten.
Transactions of the Chemical Society, Vol.121,
1922, Part 2. p.2236.

517. Burgers & Zum Verhalten des Thoroxyds in Wolframgldrahten.
v~p Le~ptZeitschrift fdr anorgnshe und allgemeine

Chemie, Vol.193, 1930, p.144.
518. Hbiiger Krystallbildung in Wolfransinterstdben.

CheishesZetralblatt Vo.101. 1930, p42992.

Fewa 519. Smithells & Unusual Microstructure in Iron an Tinstn

Rooksby Nature, Vol.120, 1927. P.227.
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C 5210. Zapff e &Fra.to6greaphic gxamt'idtatit of Tunigsten. TASMIj
Landgra VOIil.41 1949. p.396

Al 03 w910 - Na aO-0 a %6

51. i Bitish! Patents 1:21.506, 186.4971i 18C10O6, lvs.851'i

"iscel- 5-22. J'affee Effects of IThpurities on~ the Proper.ties o.f
laneousTungsten. 'Ref. 1169.

523. Swal iz & The Pecrystalli2aton, Ptodess i Tungsten as
Geisier Influenced by Impurities. JIM, V61.86,

Navil5lt, M29. (F Co).
521i DaViS Embrittlement of Tungsten Wires bY CZotamiiats.

Nature, Vol.181, Appil 1958. p.1198k

3..2 Analysis

Gefnbrtl 525. Mallett Ref. 110..
Review 526. Passe! Ref 112.

527. Niebuhr Ref. 111.
528. Haymes Impurities Analysis in W. Ref.1169.

Chemical 529. Smithells Tungsten, Chapmanl and Hall, London, 1952,
Method's p. 3;05 (ThO- - Mo Na - - 1i Al!

Ti Fe - Ca).

S~fctro- 530. $niithells Ref.529.
graphic 531. Gentry The Spec trochelmical1 Analysis of Tungs ten.
Methods Metallurgia, Vol.46, July 1952. pp.47-51.

532. Dyck Spectrographic Analysis of W Metal Powder.
Analytical Chemistry, March 59, p.390 (Metallic
Elements).

533. Rohrer Spectrographic Determination of Ni in Tungsten
Powder. Analytical Chemistry, July 55, p.1200.

534. Veleker Determninat ion of Al, Fe, K and Si in Tungs ten
Oxide. Analytical Chemistry March 59, p.387.

Oxygen 535. Codell Bef.118.

3.3 Diffusion

Oxygen 536a. Klopp Ref. la.
536. Michael Ref.337,
537, Tungsten Institute (in Progress) (alloys W-Ni, W Co. WnCr),.

No 538. van Lienip Die Diffusion von Molybda in Wolfram. Recueil
des Travaux Chirniques des PaysmBas, Vol,51,
1932. P!114.

CU 539. MacLennan & A New Alloy $pecal Subbefr us in

Smithells Radium Beam Therapy. Journal of Scientific
Instruments, Vol.12. 19315, p115.9.
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540. Smi thell1,s A New A lay of H1igh Dens ity. Nature , Vol. 13 9 .
1937, 0,i 496.

54LPrice 85Sinte'red Al loys. Part I w Copper-Nickel-
et aiji Tun~gs ten Alloys Sintered waith a Liquid Ph'ast

Present. M, Vol.62, 193 8, 0.210.

The MAB Panel on; tu,ftgst eIn recommiend's the s9tu~dy of the diffus9ion: coefficienlts of

3.4 Behiaviour in fiageoufs Environment at Elevated Tempueratfire

(a) Oxygen Mletali T (TC) TPressure Reiarks

542. Gulbransen. Rf.1169. (See also W 500w.l6000.001 ata,
OxIdatioh of 1W and 01 atrfl
W- bdsed Allo6ys. WADC
T-Rz59-575, Feb. 1960.
(Fundanentai stu~dy Of
the oxidation of W).

543. Gulbransen &Thin Oxide Fi lns on W 25-550 0.1I atm patabolitc Iaw
Wysong Tungs99t en. TAIME,

Vol.175, 1948, p.611.
544. Nachtigall Properties of ffoly- vW 500-800 paraboIicj ther

bdenum at Low and linear law
Medium Temperature.
ZMt. Vol.42, 19'52,
p.23.

:545. Scheil Ober das Zundern Von W 500-900 -

AMetallen and Legie-
rungen. ZNI, Vol.29,
1937. p.200.

546. Speiser Ref. 1169. W 500-1400 < 1 atm

547. Millner Volatility of the W 500-1000 oxygen
Oxides of Tungsten and dry or wet

Molybdenum in the Presence
of Water Vapour. Nature.
Vol.163, 1949. p.601.

548. Webb Oxidation of Tungsten. W 700-1000 oxygen dry parabolie, then
et alii JES, Vol.103, 1956. linear

p. 107.
700 oxygen wet

549- Baur High Pressure Oxidation W 600m050 1.5 to 35 linear law
et aiii of Metals eTurngsten~ in atm

Oxygen. JES, Vol.103,
1956, p.266.

550. Hickman Oxide Films Formed on alloy 300-700 1 mm binary with Ni-
Metals and Binary Alloyse oC-rM
An Electron Diffraction
Study. TAIME, Vol.180.
1949, p.547.

-65



metal IT O0c) PressUte Remadrks

551. Perkins Electromet (UnIio Cfir allays 1206 0.1I atm binary with Si-
bide Metals Company, Cr-TiwNb-Ta
Niagara Fall) Progress
Report AF 83-61-64560%,
October 1958..

5,51a. ryulbranseri Kireties of Oxidation
0 f Pure W. im, July
1960, vi19

(b) Nitrogen

552i 9hrlich G, The Interaction of Nit-
rogen witth a Tungsten~
Sur'f ace. Journal of
Physical Chemnistry,
Vol. 60 (10). 195,6,

553. thrlich G. St -ate of Nitogent W 1700
Adso'rbed in Tungsteni
Journal of Chemical
Physics. Vol.23(8).
1955, 0.1543i

(c) Air

554. Dunn The Oxidation of Tung- 700-1000 dry parabolic law
sten: Evidence for the

Complexity of Tungsten
Ox ide WO 3- Journal of
the Chemical Society,
Part 1, 1929, p.1149.

555. Michael Ref.337, W 1100 dry
556. $emmel The Oxidation of W and W 1000-1350 dry

Mo. High Temperature
Metallurgy Conference,
April 1957. Wiley.
New York, 1957.

557. Kubachewski Ref.41. alloys 900-1250 dry alloys W-Cr
558. Tungsten Institute (in progress) al loys 1100 dry binary with Ni-

Co-Cr-Fe-Ta-Nb
559. Seml Te ihTmerature alloys 100-1250 dry alloys W-Cb

Oxidation of IV-Cb
Alloys. ASM Preprint
161, 1959.
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IMetal T (OCY): Pressure Rtemarks

(d) Ammonia

5,66. FDaVis The Embittlmenmt of W 1200 0. 2% tefidefiY to
Tungsten 'by A,~mdJti I Airface brita
MetRIl~urgia, Vol1.54i !t1et.
July 156 pi 18i

(e) 'co

5,61. gisifter Adsorpt ion of Carbon W-
Monoxide oni W. journal
of Ghenie'al Phys~ics,

3.5 proteetive coattins

Pew studies have ben published:4

In the United States, tests are being directed towards:-

claddings (WA - ) : with rare m~etals (Rh) (New York University)

ceraicis (University of Illinois).

562. Carmiinarro Process of Electiroplatingon W. LZ Patent 2443
651, June 1948.

563. Goetzel Preliminary Stuy of the Protection of W by
Coatings of Rh. Ref.1169.

564. Robbins Plating on Tungs ten. Metallurgia. Vol.55, 1957,
p.251.

565. Saubestre Ref. 189.

566. Beach Ref.184.

567. Boosz Chemical and Electrochemical Surface Treatment
of Mo and W. Metal!, Vol.12. 1958. p.508.

568. :Boosz On the Formation of Oxide Films on Tungs ten.
Metal1, Vol. 11 (6), 1956. p. 511-17.

569. Stephenson Platig of Tunigsten with Titanium and Zirconium.
Abstract No.118, Electrochemical Society, New
York, 1958.
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4. NOLYBDE1NUM

4.1 Phase igan

C.1. cceneral

676i Nortbhott Alloys of Mo. 'Mblybdenmj Buitterworth, 1056,
Ch,.7, p.115

571. Ham An Intruoduct ion to Arc C-zst Mo and its Alloys.
ASME, Report 5O0A-7O 195E0.

572. Harwood (Editor) Dhe Metal Molybdenum. Proceedings of a
Symposium sonsored by the (U. S.) Offic le 'of
Naval R~esearch, September 1956. ASM Publication,
1958, pi.555.

573. semchyseh Development and Properties of ArcwCast Mo Alloys.
Ref572,, p.27.

574i pipitz The Effect of Alloying Additions on Mo. ZM,
VoL.46-3/155, p. 187.

575. Ward The Alloying Behavijour of Mo. A .Survey of
Published Wor'k. Armament Research Establishment,
Metallurgy Report 25/54. November 1954.

576. Bigeon Molybdenum and its Compounds. Industrie Chilmique,
March 1956. p.85.

577. Greenfield Intermediate Phases in Binary $ystems of Certain
Transition Elements. JOM, February 1956, p.265.

578. Bloom An Investigation of the Systems Formed by Cr-Mo-Ni!

JQM, February 1954,. p.261.

579. Greenfield The .$Lgma Phase in Binary Alloys. JOM, February
1954. P.M5.

580. Raub Me talIs and AlIloys of the Pt Gr oup. =LCM.
February 1959, P.3.

58Wa Klopp Ref -lat.



4. 1.2 Well 4nown Sys t eas

Mo-Cr(Comp~lete solid solubility),

58,1. Ban &t Consttitution Of I th h Cinurn-o 'bdetnurn Alloys
ODuwez at 12006F. TAIMEp Vol.191, 1951. PAIL1

'582. Kubaschewskil Ref .411.
589, Putnam The Ternary Syster ChFoiLuM-Mo klybdeniin -Pon.

et kin TASM. VOL.43, 1551, :P.824.
584. Kessler &A Study of Ar.delted Mfolyb1~num~Rich Chromiuft

fhas'en Molybdenum Allobys.i TASM, Vol.42, 1950. p.1008.
5,85.i BloM &t An Investigation of the Systems Formed by

Grant Chromium, Molybdenum, and Nickel. TAmhe.
Vol.200, 1054, 0.261i

586 Ham Arc tast MolybdenummBase Alloys. Climax
MolYbdertiurn Cmar Firt Annual, ReopotProject

5,8'. Hamn An Introduction to AtFC-Cast Molybdenum and Its

588i Trzebiatvs'ki Re f. 409.

MO-Nb 589. BukeRef.14 (Solid Solution inalprorin)

Mo-Tak 590. 911ckl1e Ref.14. (Solubility in all, proportions).
591. Geach, Re f. 2 23.
5,92i 9chumb Ref. 224.
593. Myers Ref.225.
594. Elliott Ref.35, po.25.

NO-W (Complete solid Solubility)
595. BUckle Ref. 14.
596. Jeffries Ref.382.
597. Geiss Ref.383.
598. Richards Ref.384.
599. Ka.ya Ref. 385.

.13 Par tial1ly Def ined Sys tems

"N&L-Al 600. Ham Ref.587.

"NomB 601. Andersson Ref.61.
602. Brewer Ref.216.
603. post Ref.220.
60-4. Steinitz System Mlybdenum-Boron and -Some Properties of

et alii the MOlybe Bu-arides. JOM, Vol.5, May 1953,

p.747.
605. Gilles & The Molybdenzum-oron System. JOM, Vol.5,

Pollock November 1953. P91537.
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*Vowlae 606. Kaufmann Pe.6 5.

607. Hlamfl Ref.586.
608. Gordon, I-hterme tall ic Comp~ud nteSse

et alji M6olybdenum-eyliun JOM, Vol.43, August 195,1,i
pi.631.

609.i Stmchyseft Ref.'572, p.289.

VN- 6101. 0each, .ef .2315.
611.i sei5t Influwne of Cartbon on the Ldtticee Parane ter of

et a!i i Mlybdenum. JOMN, Vol1.4, 1952, p.275.
6,12, i ew & Solublili ty 6f Carbon odnd:Oxygeh in M6 ly'bdemzum.

Manning(1) JOM. Vol.4. March 1952, P.271.
( b) 30M, Vol.5, March 1953, p.'14.

613 i Nowotrhy & Eine Beme~rkuhg zur Etistenz des kubthen
Kief er dolybdtarbides. ZAC, Vol.267, 1952, p,261

614i Sykes A Study of the Molybdenum-Catbon System.o

615. Nowothy Das DrFeistofftystm: MolybddanwSiizium
et AMi Kohiengtbff. MOflatschefte fur Chemie, Vol.85,

1954, D. 255.

04o-46 616. Sykes &The Cobalt-Mblybdentum System. TASM, Vol.23 ,
Graf f 1935, p.249.

617. Ham Ref. 586.
618. Ham, Ref. 587i
619. Goldschmidt High Temperature Steels for Gas Turbines.

Research, V61.2, 1949, pi343.

No-Fe 620. Ham Ref.586.
621. Ham, Ref.587.
622. Elliott Ref.35, p.16.
623. Chartkoff X-Ray Notes on the Iron-Molybdenum and Iron-

Tungsten Systems. TAIME, Vol.89, 1930. p.566.
624. Bain The Nature of Solid Solutions. Chemical and

Metallurgical Engineering, Vol.28, 1923, p.23.

625. Goldschmidt Ref.619.
626. Arnfelt On the Constitution of _ rn'nstnad the

Iron-Molybdenum Alloys. iron and Steel Institute,

Carnegie Scholarship Memoirs, Vol.17, 1928,
p. 139

No'0-Hf 627. Elliott Ref.35, p.16.
628 Tylor Work performed at Westinghouse jet Propulsion

Laboratory under US Government Contract.

0N40Mn 629. Greenfield & Ref.79.
Beek

630. Elliott Rf3,p.16.
631. Ham Ref.586,
632.Ham Ref.587.

633. pipitz Ref.574.
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634. Decker Evidence for Order in the MangenteeMelybdenum
et aiji igaPhase (and the Structure of the Chrom.fumt

Cobalt sigma Phase).i JO, VOL6, December

1054, p. 1406i
Foradtiont of Sigm.a Phase in the Mn-M System.
jOI., Vol.5,, 1953,. 0.1476i

*R~~~~o 2 3.N8o h Degagsift of Mfetals. Abs~oiptiono

Marshall Nitrogen and Carbon MonoXiTde by Molybdenum
and Tuhgsten. MAE, vol.1,56, 1944, pi3160.

636. Sebin'berg ftef.5, p.204.
6-31. Hagg Rdintgenantersachungen ibef Molybddft und

Wolfrarnnitride. Zeltschrift fdr Physikali.sche
Cher-aie, Vol.1, Part R, 1930, p.339.

*MO&NI 638. Ham, Refi.586i
63:9. Ham Re~f.5,81.
640. Koster Untersuchungen im System Mo-Ph. Archiv fdr das

EisenhUtten~wegei, Vol8, 1934, p.23i
641. Marian Ferrotanetie Cu~rie Points anrd the Saturation

of some Nickel Alloys. Ann. Physique. V6l.7,
1937. p. 450.

642. 91inger The Nicke l-Molybdenum Sys tem. TASM, Vol.30,
1942, :Di601.

Mo40Os 643i Raub Die Legierungen der Platinraetalle mntt Mblybdan.
ZM. Vol.45. January 1954. p.23.

644. Greenfield Ref. 18.
645. Knapton Ref. 17.
646. Baird A Note on Certain Properties of Osmium and of

et a<lii its Alloys with Molybdenum. Proceedings, Third
Plansee Seminar, Metallwerk Piansee, Reutte,
Tyrol, June 1958, p.371.

*No"Re 647. Dickinson & The Coristitution of Rhenium-Mlolybdenum Alloys.
Richardson TASM. Vol.51, 1959. P.1055.

64. npton Associated Electrical In ustries (A. E. I.) Research

Report A474, August 1955.
649. KponMolybdenum-Rheniium System. JIM, Vol.85, March

1957, p.161.
650. Knapton The Molybdenum-Rhenium System. JIM, Vol.87.

October 1958. p.62.
651. Geach The Alloys of Rhgniium with Mo. Proceedings.

Plansee Seminar, Metaliwerk Plansee. Reutte,
Tyrol, 1956, p.246. (Workability m hot
hardness r recrysta11ization).

652. Greenfield Ref. 18.
6531. McHargue &Notes on a Molybdenum=Rhenium Alloyv JOM.

Maynor Vol.5, 1953. p.1392.
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M4641 654. Ham! Re f. 5,86.
655. lim Re f587.
6516. ;Nowotiy ;Re f. 613.
6571. sehadhner N ew Sil1i 1cIdes of the M Si 3 Type with D88 ,

et alil Structure. Monatshefte fur Che:mie, VoJli85j
1954, p,.245.

658. Johnson usAm' Tehni~cal R'eport 083, June 1951.
6519. Kieffer Be i trag ziim Sys tem Mo Si ZM, Vol.43, 1952,

0'. 10 1.
660. arewer high4elting $ilicides. imrrnal of t'he

et ail American Ceramic SocietY, Vol.3 No.10, 1950,
pi 2 91.

* *Noi.Ti(Extenisive Solid solubility)

661. Hansen Ref. N,
662. Ham, Ref.,586.
66-3. Rostoker Analyti-cal RedP'Fd~etdt ion of Certain Phase

Boundaries. JOM, Vol.3,, 1951, 0,1208i
664. Duwez Ef-feet of Rate of C661iitg on the lMBt

Tra~nsformnation in Titanium (Zirconium, Thallium,
and Iron) and Tito~niu.m-Molybdenurn Alloys. JOM,
V6l.3. 1551, pi76.

665. buwez Effect of Rate of Cooling on the Alhpa-Beta
Tra~nsformration in Titanium and Titanium Molyba
denun2 Alloys. JOM, Vol1.4, 1952, p:.518.

MO-U 666. Pfeil 'the Constitution of Uranium-Molybdenum Alloys.
JIM, Vol.77, 1950, p.553.

667. Sailer Ref.49. Transformation Kinetics of Uranium-
Molybdenum Alloys. BMI Report 957. October 1955.
The Constitution Diagram of Molydenum-Rich
Uranium. BMI Report 730. March 1952.

**W-Zr 668. Domagala Ref, 474,
669. US-AEC -000-89, 14/4/52 (Armour Research

Foundation).
670. H'gg Ref.445.
671. Elliott Ref.35, p.38.
672. Pipitz Ref. 574.-
673. Ham Ref.587,

4.1-4 Systems Studied in Certain Respects Onily

Mo-Ag 674. Dreibholz Untersuchungen Rindrer und Terndrer Molyb-
dadhlegierungen. Zeitschrift fir Physikaliscbe

Chemie, Vol.108, 1924, PA4. (5% Mo is soluble
in Ag).

Moeu 65. eac &The Constitution of GoldiMolybdenum Alloys,
Summers-Smith with Particular Reference to the Solubility of

Molybdenum in Gold. JIM, Vol,82, 1953"54, p.471,
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*wacu 616. Litde Elektrische Eigenschaften verinter Mist'-
krstllgiru--n.II: Widerstand vont Kupfer-

und G6 dle gi erungen miesetzraafsi Lgkeitten der
;Wi derstandserhihgezi Analen der PhySik,,

MowGa 6117.K 1Jban A.rg6tne6 National Laboratory, Lemont, Illinois.i
,Report ANL-4417, July 1950.

Mo-Ge 678. Searcy Pfepatdtioh of M 3 Ge oand Deterinntioh o! its
et alii S tr ucture.i Journal of the Amlerican Chemical

,Society,, vol.74, 1952, , .566.
670. Searcy &The Prepartio.n and Properties of Yolybdenumm

Peav1er Germanium Com~pouds. Jour~nal of the Amhericanl
Chomical Society, Vol.15,. 1958j 0.5657.

68014 Thurmond Equilibrium Thermothemnistry of Solid and
Liquid Alloys Of GerthiUm and of Siliconsn
It The .Solubility of G-e and Si in Elements of
Groups III, IV, and V. journal of Physical
Chemlistry, Vol.57, 19053. p.821i

*"64t 681i Sieverts &The Absorptive Power of Iron-Molybdenumn Alloys
abftiifg for Hydrogen and Nitrogen. Archiv fi~r das

Eisenhfittenweself, Vol.7, 1933-1934, p.641.

moa'Hg 682. Irvin Ref.486.
683. Miller Molybdenum -Production, Properties and

Applications. Metal Industry, Vol.75, 1949,
p.411.

NoT Ir 684. Raub Ref.643.
685. Knapton Ref. 17.

Mo-M 68. Suerwld ur ystematik der Verwandtschaft der

!Iochschmelzenden und Hexagonalen Metalle mit
Magnesium und iiber Hochwarmtfeste Legierungen
auf MgThTZr-Basis. ZAC, Vol.258, 1949.
p. 296.

687. Ham Climax Molybdenum Company Reports 031m331,
1/4/50, and 034 401, April 1951.

MOTO 688 SbnegRef.5, p.630, P.617.

689. Rathea& Rapid Oxidation of Metals and Alysith

Meijering Presence of Mo0 3 , Metallurgia, Vol.42, 1950,
p.167,

690. Few Ref.612(a).

691, Perry Effect of Oxygri on Welding and Brazing
et alii olybdenm. Welding journal, Vol.33,Supe

ment, 1954. p.442-5.
692. Few Ref.612(b).
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Mo-P 693. zchdntberg Reti.5, P. 226'.
694. Vogel & Das Zustandsschaubild Esei .iserphot,,p-hid-

Horstmnn M6lybdaii-ph6.phid Mlybdani Arebiy fudr das
~is~h~tewesnVoL24. 1953, p.369.

MO-Pb, 695. auertler Mbly'bddn a legeugbstntil Vol.15,
19023, 01,151.

96-Pd 6961. Rau~b Rtef.643.
601, Greenfield, Ref. 18,.
69'8. Knapton, Ref. 17
699. Baird Ref. 646.
We00 Haworth 9t Te Constitution of Molybdenum~lRhodiun arid

Hume~RotherY Mal ybdefrtfnPal ladium All-ys . J1m. Vol. 87,
April 1959, p.265.

"6-Pt 701. Raub Ref i643.
7022. Greenif ied Wonf..
70-3. Unato Ref. 17i
104. Baird Ref.646.
105~ n~o An X-Rczy Survey of-Certain Trninsition-Metal

Systems for Signn Phases. JIM, V61.87,
October 1958, 1p.28.

706. Knapton A Survey of the Molybdenuhz-PlatinumSystem.
Planseeberichte ffur Pul vernetallurgie, 1059.
Vol.7, N.,p2

Mo,-Rh 707. Raub Ref.643.
708. Greenfield Ref. 18.
709. Knapton Ref. 17.
710. Baird Ref. 646.
711. Haworth Ref. 700.
711a. Anderson & The Equilibrium Diagram of the System Molybdenum-

Hume-Rothery Rhodium. JLCM, Vol.2, February 1960, p.19.

Mo-*RU 712. Raub Ref. 643.
713. Greenfield Ref. 18.
714. Knapton Ref. 17.
715. Baird Ref. 646.
716. Bloom Sigma Phase in the Atolybdenwn-Rutheniwn Sys tern.

TAIKE. Vol. 203, February 1955, p 420 (nJM

Vol.7, 1955).
715a. Anderson & Th Equilibrium Diagram of the System Molybdenum-

HurnemRothery Ruthenium. JLCM. Vol.2, December 1960. p.443.

mgoWs 717. McCabe Su lphur-Press tre Measurements 9f Molybdenum
Sesquiwulphide in Equilibrim with Molybdenum.
TAINE, Vol.203, 1955, p.61 (in JQM. Vol.7,
1955).
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Mo-e 78.Wenidehorst Getwichtsanalytiltche Molybd i~bestimmungen..
ZAC, V01.73, 1928i p.452.

9Mo-te I19M *Mbiette Sur le Systiwte Binaire Tellurewkflybd~ftei Tdl-
lurures d'e Molybdine Te ifj e t Te A -- CmJe
Rendus de 'I'Acadifie 0es Sciences, Vol.215,

1941, pro86i
10.MoTh, 1,20~ Pinpitz Ref i 5 4 i

**Mo.V 721.i Ham ReIf. 5186.
722. lHam Ref.5 87.
123'. Rosto-ker ke f.i2955

Mo-4h 724. Roster Ref i 12'.

4. 1. 5 Uis tudied Sys tems

MoaAi Mo-Ba Mo-Bi Mo-C1 Mo-cd "6.ce Mo-Cs Now In Mo-K %-.LaI*
MO-Li Mo-Na Mo-sb Mo-Sn, Mo-Ti Mov

Ternary or qua ternazry equilibrium diagrams

Mo-16Re 725. Sims & Properties of Refractory Alloys Containing
Jaffee Rhenium. TASMj Vol.52, 1960. p.929. (Paper

presented at the 41st ASM Meeting, Mhica-90,

2 November 195;9).

mo-W-C 726. Albert & Isotherms.Thnitte in den Systeinen Molybdan-
Norton Wo lframn-ohlenstoff und Molybddnwitan.Klenstoff.

Planseeberichte fUr Pulvermetallargie, Vol.4,
No.1. April 1956. p,.2. (Isothermal sections).

Mo-Fe-C 727. Lyman (Editor) Mfetals Handbook. American Society for Metals,
Cleveland. 1948.

Mo-Si!-C 728. Nowotny investigation on Sicide System. Monatshefte
fdr Chemie, Vol.85, 1954. p.241.

Mo-Ni-TFe 729. Das &Survey of Portions of the Iron-Nickel-Molybdenum
Beck ~~~and Cobalt-Iron-Molybdenum Ternary, AAT 86

February 1953.
Mo-Co.Fe 730. Das intermediate Phases in the Mo-Fe-Ca, M-Fe-Ni,

et alil and Mo-Ni-Co Ternary Systems. JOM, Vo1.4,
October 1952, p.1071.-

MonReeff 731. Taylor Work Performed at Westinghouse jet Propulsion
Laboratory under U.S. Government Contract.

Mo-Ni-co 732. Das Ref. 730.
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%w-iCr 733i :!as e.7.
734. Bliooffi & ChromfzuvuN~icke l Phase Diagram. JOM, ol.6i

Gran't 1954, P.261 JM% VO.3, 1951, P.,1000.

Mo-Cr-IF 196i putriam Ref i5183.
7316 Gldhmidt 'Phase Di1agrains of the Terntary Systems Fd-Cr-WF

anid Fe-Cr-Mo at Lowv Temperatures. Ironi and'
Steel institute Special Re~oft, VO1.43. 1i052,
pp.249 and; 345.

737.i Raf & Cons titutioit ofIr-Commtoydem
louwez Alloys at 12000qF. JOMi VOl1.3, April 1951.

pi.331.
7,38.i McMullin Arc Melting of Mb- k-i-Fe A'11ys. TASM. VoL.46,

1953, 0.05

Mo-Gr-Ti 739. Ell1iott Systern TtitaimChoirn~~ folybdenurn. JOM,,
et aall Vol.5, 1953, pi1544i

M64M-OTiL 740. Elliott System TL~itrn-MdgeeMolybdenuni JOM,
et alli Vol.6, 1954i, ~i228i

NMo-Cr-Co 741.i Rideout & Survey of Portiofis of the ChroMiLUam-Cbalt-
Beck Nickel-Molybdenum- Q'uaternary Systeim at 1200TC.

NACA TN 2688. April 19052.

Mo-Nb-Ta, 742. Buckle Re6f. 14.
NO-Nb-W,
Ho-TawW

4.2 impurity Effectig and Analysis

4.2.1 Effects (see also Section 4.5.6)

Oxygen 743. Platte Welding of Mo. Ref.572, p.151.
744.Spacl & ffects of 0 - N2 - C on the Ductility of

Wul ff Wrought Molydenu, Ref.572, p.262.
745. Jaf fee Ref.572, p.334. (Effect o 2 on the tensile

Properties of Mo and Alloys).

746. Lawthers The Effect of Testing Atmosphere on the
Properties of- Mo~base Alloys. AIME Conference,

Cleveland, 16 April 1957.
747. erryEffective Heat Treatment of M41. Metal Progress,

February 1954, p.75. (Influence of the
annealing temperatu~re).

745.Olds 2fet of0 N2 - C on the Ductility of
Gqst Mo. JOM, February 1956, p.150.

749. Maringer Effects of Q2 or; Mo. JOM, March 1954, p4365.
750. Martin Annealing of Point Defects in Mo. Acta

Metallurgica, 1957, p.371. (Effect Lit 140-
1809c).
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151. Pe if fef conderig the Methan'Ism of Resistivity

Rtecovered Observed inGo14'rke olbenm
TAI, VOl.214, Q6tober 1958, V.647. (study
of the effect of impurities 0 a~ N2  'C o the
Variation of r95istivitY at 1456C).

,Nit ~ 75 2. spitei 1 'Ref. 744.
753. Tury Effect of Moledulaf' Nitrogeft on Mo at HiUgh

Tempera ture. Nature, 1936, 0.531i
75C old's Ref. 148i
7-55. Mairitnger Effects of 02 ifl Mo. JOM, February 1952,

p. 149.

Carbon 7661 SpaciI Ref. 7,44.
757. old's kef 148.
75C. Spe iser Re f 611.
7519. Bas Car'butization of Mo from a Gas~eous Phasei

Helvetica Phyaica Anta, Jue 195,6, Pi231.

migei-w 760i spae 1 Re f i 44.
1aneou ~ ~ ~ ~ ~ ~ H 76.Bukrt&Hg empefature Properties of Molybdenumt

Jaf fe Rih Aloy Cmposition smade by Powder
Metallurgy Methods. Symposium on Metallic
Materials for service At Ternperatiures above
16o0 F. ASTM Special Technical Publication
No.174, 1955, p.111.- (Influence of Additions
of Ti, TiO2, zrO2, Zni. Dispersed oxide
strengthening phase).

762. The Effect 6f Selected Rare Earth Addition on
the Removal of Interstitials. University of
Denver, NASW-8, 8 May 59. (Additions of
Ce - La - Y - YB Gd; - Lu - hardness measure-
ments on cast buttons).

763. C alculations for Reactions of Cr, Mo .... with
02# NX2' H12, C,S Rand Corporation Report

R-0,February 1954.

4.2.2 Analysis

General 764. Mallett Ref. 110.
Review 765. Fassel Ref.321.

766. Niebuhr Ref. 111.

Ga" 767. Malett Determination of Gases in Mo. Ref.572, p.365.
(Oxygen: evaluation of methods -results of
Comlparative studies; Hydrogen: difficulties
with concentrations of about 1 ppm;; Nitrogen:
evaluation of method$).

768. Mallett VacuumeFus ion Analysis for Mo. TASM, Vol.46,
1954, p.3175. (Methods for 0 2 and N eaeprc)
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709. McDonald Vacuum Fu.sioh Analysis. Analytical Chemisty,

October 1955, P.1632 (Determination-of 0
by the iron bath method) .

770. Compte rendi du Ctgr~s internationlal de
Sectoscopi6 de Lucerne, 12-18 September 1959.i
TO be ,pUblished.

oxygen 771.e Codel 1 R.e f 118.

771. Durand Ref. 120.

R-180e1- 7731. KesSeries in the Arc Spectrum of Moi US- Bureau
laneous of Stanidards, V 19I, 1923.8.i 3

774i Bush And lysi *9Of Binay M6 Alloyi. Analyst. 155,
P. 536i

775. Pepkowit2 Precis ion Determination of Low Concentrations
of C. Analyst, 1954i Pi.1022i

776e Dyck Spotctrographic Ainalyst of Mo Metal Powder.
(Metallic eleffents). Analytical chemistry,
Oct. 59, p. 1640.

4.3 Diiffusi-on (see also Sections 4.5.4 andl 4. 5.5)

m7. Harwood, Ref.572, p.448 (DiffusionMO-Cr, MO-Ni, Mo-Cr-,Ni).

778. Schwo pe Investigation on the Mutual Diffusion of Various Elements
and Mo. BMI fReport As 534022, 15/10/53i

779. Zima Some lligh-iemperature Oxidation Cha'racteris tics of Nickel
with Chromium Additions. TASM, Vol.49, 1957, P.924.
(Diffusion Ni-Cr at 1100 0C).

780. Byron Diffusion of Cobalt in Molybdenum. JES, 102, January 1955,
p.38.

7,81. Shewmon Marker Movements in Ti-Mo -Diffusion Couples. Acta
Metallurgica, September 1955, p.452.

782. Samuel Diffusion of Cr and other Elements. Transactions of the
institute of Metal Finishing, 1954, p.153.

783. Wahlin The Transmission of 11 throug Metals. JAP, December 1951,
p.1503.

783at Gordon Intermetallic Compounds in the System Molybdenum-Beryllium.
et alii JOM (TAIME), Vol. 3, August 1951, p. 637.
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4.4 Behaviour in Gaiseous Medium at Elevatted Temperature

(Further information is contained! in Sectiont 4.2.1 and Section, 5.7' of Pa~rt WV).

4i4.1 General

784. ;Northicott Retf.570, Ch.8. p.157.j (Gerie.al survey).,

785.i Harwood Oxridation Behaviour. Ref.572, Chi9 , P.420

786. Kubaschewski Ref.144. (Basic 'general inform~ation m p.1, 156. M6 - i~II,
187).

7,87. Healey Phys 'cal and Chemical Adsorption of Gsso o ora
of Physical Chemiistryi FebruarY 1953, pi178.

788. Anders~on On the Crystal Strtzcture of MoO3. ACS, 1950. .73

789i Kubaachewgki metdllurgleal Thermochemis try. Pergamon, Press, 1951. (vapour
pressure of M00 3).

7906. gerkowitz Mass Spectrometrie Study of Mo Oxide Vapour. Bulletin of
the ~ ~ y Aeca yia1 Society, 26/4/5,6i 0.202.

791. Hag - Recentt Structure Investigation~ of Oxygen Composition of Mo.
Reviews~ ~ of PueadAplied Chemistry, December 1954. .25

792. Hagg &X-Ray Studies on Molybdenum and Tungs ten Oxides. Arkiv fdr
Magn6li Kemi. Mineralogi och Geologi, Vol.19A, 1944. No.2. (Study

of the oxides of Mo).

793. Kihlborg Oni the Thermal Decomposit ion of Mo Tritoxide. ACS. 1955,
p.471.

794. Staskiewicz Heat of Formation of Mo Oxides. Journal of the American
Chemical Society, 1955, p.2987.

4.4.2 Oxygen and Air

Metal T(0C) Pressure Remarks

795. Nachtigall. Ref. Mo 200-600 air 1 atm
544. Un-

alloyed

796. Qulbransen. The 3 00-450 02 (0.1 -parabolic law
Kinetics of Oxide -0.01 0.001 atm

Film Formation.
Transactions of the
El ectrochemical
Society. 1947,
p.594.
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metal TT(6c) Pres sure IRemarks

791. Lustmai Oxidation ~ M 60086 air
of M6 in Air. Metal, un- K
Progress,, 195 0, p.629. alloYed

9. Mosh'er The Kifiletie, --

of the OxydatiLon of
Mo.i M.S. Thesis,
Ohio State Ujniver-
gity, 1953.

79 8 imnad,. Kinetics anid
Mechanisms of the
Oxidation of Mo. JOM~

800. Bartlett. Oxidation '160-12051 air Effect of speed and

of Mo in Air. TAIME, directioni of air

April 1958, p.2:80. stream

801. Semmel. Ref.556. 086-1370 air

802. Hamn. Ref.5,86. binary 600-940 still and Ef~feet of 20 of the
alloys M~oving~ air principal metal

elements

803. Gleiser. -Symposiu~m binary 900-940 air Mo-Ni and Mo-Cr
on Basic Effects. ternary 940-1100 air MO-Ni-Si and Mo-Cr-Si

ASTM, Vol.65, Special
Publication 171. 1955.
Properties of Oxida-
tion Resistant Scales.
Ohio State University.
Feb.1955,,OT/PB
119. 850.

804. Rengstorff. Search binary 980-1100: air 55 alloys of MomCa,
for Oxidation Res is- and Mo-Ni-Co, M -Cr-W,

tant Alloys of MW ternary Mo-Cr-Ti

JOM, Feb.56, p.171.

805. Hickm. idFim bnr 30-0 air binaries with W -Ni

Formed on Metals and =Co -Cr

Binary Alloys, AIME
Technical Publ icat ion

2483, Dec.1948,
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Metal T(TIM), Pressure Redmarks

806. Kessler. Arc Melted -binary 8,15-980 air 'Effect Of the iddit

MoC A lloys. TASM, M64,r I KonO
1950. .08

807. Lawthers. Re#f.746.

4.4.3 Miscel1laneous

80,8. Priedman; High Temperature D~urability of Mo in OxygenzDeficient
Combustion (%ts jet Propulsion, 1954,, p.,187. (ut1roteeted:
Mo resists about 100 hir. at 14306C in certain combustion
gases).

4.5 Protective Coatings;

4.5.1 Central Papers

809. Harwood The Metal Molybdenux. ASM, Office of Naval Research, 18/9/566
chapter 18, p.408. (Begley: Jet - Turbine Uses). Chapter 19,
0.420-461. (Harwood:: Protection against Oxidation).
(Oxidation behaviour m coating requirements and evaluation
Methods - Mo abase alloys Self -regenerative Scales - ceramic-
Mosi2  ldmtlcaig sprayed metal - electroplated

coatings - diffusion coatinlgs - chromizing - other methods).

810. Jaf fee Report on Mo. MAB. February 1959. (Protection against oxidation-
General up-to-date survey).

811. Blanchard Oxidation Resistant Coatings for Mo. WADC TR 54-492 (Parts I
& IL, 1955.

812. BNckle Molybdenum Alloys and their Protection against Oxidation.
Lat Recherche Aeronautique, November 1957, p.35. (Present
position - the alloys - protective coatings detailed study
of each type - advantages and drawbacks - present applications
- future developments).

813. -Metal Progress, November 1958, p.82 (Turbine of G.E.C.
working at 11009C with buckets in Mo-Ti protected by five
coating layers).

814. Freemian Molybdenum for High Strnt tHigh Tempeaue Jt

Propulsion, February 1958, p.138. (Spifications " general
assessment -comparative results for different types for

oxidation tests, thermal Shock, mechanical shock and erosion).

815. Northcott Protective Coatingst Rtef.570, p-174.
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816. Mac Loud Molybdenum. Metal Progress, Aug.19568, P.7'5i (Generall survey
practical tests of the Oik.C. on blades and wheels at 800
1,i 12060).

811. -Mo in Aeronautics. Metal lhdutiy., 6/9,/57i (C.eneral, survey
practical, te~tS iby Westitngh0oase at90iO 0  nblades with
mweh~anl ctaddaig With, tinkel alloy).

818. Bartlett ftefA800. (From 1160-1,2066C, effect of Arobient c-onditions).

819R. Hiawood Protecting Mo at High Temperature. Materials and Methods,
December 19056, P.85.

820. :Bl annhard Oxidat ion Resistant Coatings for Mo,. ;Materials and Methods,
Februiary 1956, Pi.180.

821. JAf fee Pfotective Coating Systews for Mo. Pabrieation of Mo, ASM,

1959, P1.119.4

822. Herzig Protecting Mo fromi Oxidation. Metal Progress,, Octi'55, p.10.

823. Levinstein Coati ng Developmeht and Etralttat1o. Fabricatiori of Mo, PM

19'59:, 0.186,.

824. Oxx A Liquid Phaste Coat ing for Mo. TAIME, June 196, Pi541.

82'5. Bartlett Coatings for Protecting Mo from Oxidation. DMIC, 6 Mar. 1959,
ASTIA AD-210m978.

826. Bartlett Coatings for Protecting Mo from Oxidation.DMCT10
(PB 15-1064).

827. Gleiger Basic Effects of Environments on Scaling of Metals at
Elevated Temperature. ASM Publication 171. 1955.

828,. Parke Molybdenum, a New High Temperature Metal. Metal Progress,
July 1951, p.81. (Protection by cladding " si10- ceramic-
electroplating alloy additions).

829. Beck Coatings on Mo. Metal Industry, 21 Jan.55, p.43.

$29a. Chao Recent Progress in Protective Coatings for Mo. JLCM,
Deceber 960, p. 426.

829b. Klopp Ref. 196ct

829c. Doane Oxidation Resistant Coatings for Mo. WADC TR 54-492,
Part III, April 1957.

-82 -



830'. Beidler The Formiat ion of Molybdenum Disili-cide Coatings on Molybdehum.

83 1. Klef fer & Wdrm und Zunderfeste Sinterwerkstoffe. ZM, V6,l.42, 1451i
gen9'o'vgky % 91i (Sintered carbides + oeramic + gii'ieides).

832. K Ief fer Bed itiag lurn System Mdlybddrt Silizium. ZM1 Vol. 43, 1051i
p. 101.1

833i Pitzer Sitlie~h1izin"g of W and A16. Monatshefte f~ir Chemie, 1952, P.81.

83,4. N~w~tn-y tef. 12,8.

4.5. 3 All1oys

835. Rengstorff Ref.804. (Test at 980, and 16906C - effect of Cr-Ti W
iNi Co - Caetc. 55 are melted binary or ternary alloyt).

836 Geier -ef.8

837. Kessleor Arc Mel1ted Mo-Cr Al1loys. TASM, 19,50, D. 1008. (Study of
oxidationi at 1200 m 1800,6P) (650-980 0 C).

838. Bgartlett Alloys Yo-Ni. TAIMP, Aug.1958, 48 (Developed by sintering
practical difficulties).

839. Rendall The Forgeability, Creep Strength, and Ductility of Mo and
et alii Some of its Alloys. JIM. Vol.82, 1953-54. p.345.

4.5.4 Diffusion Coatings

840. Leadbeater Oxidation Resistance fDfuio Coatings. Metal Treatment,
1954. p.309, 387. (Diffusion coatings with AlmBBeCrSi-Ti-
Zr-V, etc.)

841. Leadbeater Oxidation Resistance of Diffusion Coatings? Product Finishing,
May' 1955. p.70.

4.5.5 Cladding

842. Bruckart & Cladding of Molybdenum for Service in Air at Elevated

Jaffee Temperature. TASM, Vol.44, 1952, p.181. (Cladding with Ni,

843. La Chance Cladding Qf Mo by Rolling, TASK 1956, p.595. (Ni. Inconel
steels or Ni, miscellaneous - tests at 1,0009C).

844. Bruckart Cladding of M* for Service in Air. TASM, 1951, P. 176.



8,45.i Gold Protects Moi tattelle Techniefal Review, A'ugust 156, p.14

846. Btuckart Molybdern Allo6ys and Pro tec tlo by Cladding. Rand Coporation

847. burst A New Developmient 1Ar 'MetaI Cladding. JOM, Vol.8, 1956. p.328i

848. Lomas Nickeli-Clad Mo Mac'hinerty, 1,953, P,945.

4. 5.6 Sprayed Metal s

849-. Miftsford' Sprayed and Diffused Me ta Codt ings. Metal Indust fy, 14 'Nev. 58
p.4 13. (Alloys Fe Al Or - Kafnthal - SichrOAl eo)e

8150. HNerzig Protecting Mo from Oxidationi Metal Prb: ess, M~55, p.1m9

4.5i.7 -Electro-plated Metals

85. afahkElec tro-nDepos its 6f Cr and Ni (alon1e or in alternate layers).

Revue du Chrome bur, September 19158., aid, Technical Proceedings,
A99 Convention, June 1956. p. 105.

859. Runick Electroplated Coatings of Ni and Cr on Mo (one or multiple
layers). J98, Feb.19157, .4

854. Couch Protection of Mo at High Temperatures. ME, August198
p.450. (Cr + Ni coatings).

855. Couch Ni-Al Coatings on Mo. AE-, August 1953, P.485. (Coatings of
Cr-Ni-Al).

856. Talo Composite Coatings of Cr and NM.JSetm r195p.24c

857. Harwood The Protection of Molybdenum against Hfigh-TempeaueOia

tion. (A Survey of the Problem and Progress). Proceedings,
American Electroplaters' Society, Vol.43, 1956, p.78.

858. Faust Ref.187. (Methods and baths).

859. Vaaler Introductory Plating Studies, BMI Report 813, 1953. (Nj).

860. Kqrbelak Plating on Mo, Plating, 1953. p.659, 1126. (El ectro-,depositt on
methods).

$61. Beck Coatings on Mo. Metal Industry, 21 JAD.55, P.43. (Deposits of
Al-Si-B " operating methods - Properties) (Baths of melted salts).

862. Beck Use of NimAl Alloys Coatings for Protect ion of Molybdenum.
jW, Sept. 59, p. 7,83.
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863. Beach Ref. 18-4.

864. Hansen; Adherent Electoplatihg on, Mo. Metal Pinishingi October 1953,

865. Sauibestre Ref.i10i. (Deoosits of Cu and NI),.

806. Brennier High Tetipetzture Adherentce of Xi Plates oft M~i Pating,
September 1956. 0.114S.

4.5.8 Chrmniz ing

867. BUckl e Re f. 8,12.

86,8. Ghiomizing of Mo. Materials in Design -Eigineeting, Febi1958a
p.157,5 (chromialloy Co, type W2) (Various tests at 980-14500C7).

869. M64O.5 Ti COatdd wvith Chro,~l lay W 2. BMI Memo, 13 Peb.59
(Tensile- test-, and creep ina air from 2400 to 9000 aF)i

876. BUckle Thermail Chromiumn Plating of Mo Alloys. Plansee Metallwerk
Semlinar, Reutte, Ty-rol, 1956, p0.2,39.

871. Ministry of Improvements in Refractory Coatings for Mo. British Patent
Supply 820. 649. 1959:.

4.5.9 Ceramics

872. Huppert Ceramic Coatings. Iron Age, 14 Nov.57, p.157 (A 418-
Solaramic + nitride of boron + flux (Li)).

873. Cannistraro Ceramic Coatings. Metal Progress, November 1958, p.110 (General
Survey, A 418 and its variations).

874. Moore Study of Chromium-Fr itmType Coatings for High-Tempertr

et alli __ Prtcin of Molybdengm. NACA TN 2422, July 1951. (Sintered
chromium-compounds of Zr-NiCrB (colomonoy)).

875. - hromium~and-glass High-Temperature Coatings for Molybdenum.
Metal Finishing. Vol.50, No.10, 1952. p.61 (Chromium + glass).

876. Moore A Study of Ceramic Coatings for ligh-Temperature Protection
et alii of Molybdenum. NACA TN 1626, July 1948.1 (Glass + refractories).

877. $uggs Protective Coatings for Mo. USA Technical Report 5897.
June 1949 (9 54/2029) (Glasses uip to 30000F).

878. Ceramic Coating on Mo. Aviation Week, 14 jan.5P. p.75. (Elraco
process immersion in melted ceramic).
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4 5.10 PlOasfti Jet

814i KrN~e? Rlome S-ra-ing ith G.S.A. Ref.L 1160, p.81.

840. S8tackhouse Plasma Ate Plating. Pt~duittibfi Engiflntheri11, 8 Dec.58, 0. 104.

8 8 1. N9Aihetiw PlasmdJet1  Metal Inldustry, 31 October 58.

882. Browning Plotisa d Sub~titute Wel-ding Sournali September 19054.

883,. -Plos-nd Are Torch -C-hnge Method. IrOnt Age, 4 De.s8,

8'8,4 Plasa Gun. Anmrioari Madhinist, 3 NOV.58, p.81.

88,5.. MOS Arc Melti ng of Tef rodtOrY Metals. YLCM, Pebruary 1959., Opi60.

886,. gurhorn, TernperdttUrnesLunget Qzrh WdSterstabil's er ten Hochleistungtbegeni
Maeeker & tera Zeitschrift for Physik, Vol.131, 19,51, p.28.

887. Weiss Untersuchung des Plasmastrahies, der aus eineMn Hoch leis tungsbogen
a'ustritt. zeitsthrift far Phlysik, Vol.138, 1554, 0.110.

8.88. Cresaswell Development of the Tungsten-Arc Cutting Process. Britigh,
Welding Journal, V61.5, 19,58, No.8, P.346.

889. 30 ,000 Degrees with the Plasma-Jet. JOM, Janulary 159, M.

890. Moss British Patent Application No.17.125/58.
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1. GENIERAL PAPERS ON THlE RFRACTORY METALS

8,91. Hareli Rare Metalis Handbok. Rein'hold;, New York,, 1954.

8,92. 'de M'ent & Dake Rarer Metals. Chemicall Publish ing, 8'rookly, New Yfork,
1946i

89:3. Stanford Research Mlehani-cal Properties and Oxidatlion Resistance of Certain
Institute Refractory Metals (Cr aCb ft9 e T& W mV).

30 Jan. 5.

8904. jahnke High Temperature Metallurgy Today. Metal Proress,,
November 1958, P.77, and Decetmber 1958, p.86. (Sasic
strengthetnn mechanisms, overall picture, Al Mg Ti
steels, gaperalioys, refractary metals (W - Ta Mo
Cb Cr Re).

895. Jahnike The Future of High Temperature Metallurgy. Metal
Progress,, October 19,57. p.113.

896. MAB Summary Report of the Comiit tee on Ref ractory Metals.
MAB Report 154-M, 15 Oct.1959.

897. Jaffee A Brief Review of Refractory Metals. DMIC, Memo:No.40,
3 Dec. 1959.

898. Pellini Flight in the Thermosphere. Metal Progress, March-June 1960.

899. AILME Reactive Metals. Edited by W.R. Clough, InterScience
Publishers, London & New York, 1960.

90o. -Preview of S-pace Metals. Metal Progress, October 1958,
p.96. (AlMg - steels Ti -Be m superalloys mrefractory
metals m ceramics m cermets -graphite T composite materials

-sandwich structures -coatings).

901. Rous Materials Build a New Technology. Missiles a d Rockets.
March 1958, p.91. (General survey of the different
possibilities of metallic materials (inclulding Re m Ru
Os - ir m Hf - Rh) graphite, Cermets. ce m~c.crie

and reinf rced plastics).

902. Pugh Refractory Metals. JOM, May 1958, p.3_15. (W Re m Ta
Mo - Nb).

For Notes and Abbreviations used in Parts III and IV. please see the Appendix on p,129.,
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9D3. Brown Pkw Metals Fac~e the Future. JOM, May 1958. p.330.
(Ti &V - Zr a Cr - Cb, - Mo - Ta m W - Nii - Co0).

904. Smith, Hugh A. Ele'ctron-nbdrnent Melting. JOM, Feb.1054, p1,12.

05. Kearns The Navty 's R efrd c tory Metals Pr ogram.; JOM, August
10,60,t p. 611 i.

Dot. - SYmposiu of shef field (Sp.i90 mJcm, Vol. 2.,
April 1960.

907 -New Plant for Refractory Metals Iroft Age, 13 Nov.58,
0p.148 (IN-FAB).

Dot. Alilen Creep Tests 6n Metals of High Melting Point. JIM,
1453 54j p. 525.

900i Yntema Welding Ref ractory Metals. Metal Pogress,. September
1958, pi.1015i

910. Sims The Properties and App lications of Ahenium. AIME
Conference, Buffalo', 19 March 19'58. P.67.

911. Lockheed Aircraft Co. Properties of Refractory Materials. Report LMSD 2466,
15 Jan. 1959.

912. Hanipel Corrosion Resistance of Ta - Nb - Mo - W. Corrosion,
December 1558. p.557.

913. Jaffee implications of Rhenium Research. DMIC Memo No.7,
2 Feb. 1959.

914. Blainey Powder Metallurgy of Refractory Metals. Metal Progress,

September 1958, p.95.

915. :Boehm The Ultra-Pure Metals. Fortune, October 1958. p.148,

916. Goodwin The World's Hottest Alloys, Ind strial Research,
Nov. -Dec.1959.

917. Levy Evaluation of Some.New Materials for Missile App lica
tions. American Rocket Society, Preprint 263-55.

918. Schwartzberg DuctilemBrittle Transition in the Refractory Metals.
DMIC Report 114, 25/6/59.

919. Hausner Slip Casting of Metal Powders. Powder Metallurgy
Bulletin, June 1958, p.53.

920. Schifferli Slip casting. JOM, August 1958, p.517
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91. Norton, ObservatiOns Co tIning the High Melting Metalsi Proceeding,
Third Plausee Seminar, Metaliwark Plansee, k~utte, Tyrol,
June 10958L

9,22. kubaschewgki Ref. 144.

923. Smeltzer 'oxidation of Metalsi Industrial and Entgineeriftg Ch'emistr~y,
March 1958. p.48 and Mach, 1959, 0.466.

924 Exr~ci~nandRefnig-f the Rarer Metls. institution Of

Mining and' !Metallurgy, Lnndon, 19057.

925. Study of Materials. WADO TR 584:55i AADC Technical Sympoglun,
Deo.,19,58 (Gefloral' account of tjAF rqireme2nts),

92-6. Sims Propertiles of Refractory Al loys Containing Re. ASm Preprint 164,

921i Piher Development of Methods for Mecha~nical Evaluation of Refractory
Metals at Very High Temperature. WAD TR-60-155. March 1060.

92,8i Imgram Notch Seuitivity of Refractory Metals. WADD TR-60-278.
April 1960.

929. Eaton Electron Beaft Fusion and -its Applications. JLcM, April 1960,"
0. 104.

930. Jaffee Development of Refractory Metals Sheet in the U.S.A. mJC-M,

Apil 1960, pi.95.

931. Bruckart Fabrication of Refractory Metals. Metal Industry, 23 Jan.1959,
p.63.

932. Dulis Research on Forgeable Refractory Alloys of WmTa-Mo-b.
Ref.1169 (Durham Conference).

933. Hampel Ref. 912.

934. Geach Zone Melting of Ref ractory Mktals. JLCM, February 1959.

935. Dickinson PolishingfHard Metals Electromechanically. Metal Progress,
Oct. 1958. p.142 (W -Mo -Re).

936. Levy The Development of Refractory Metal She Stucurs Soiety

of Automotive Engineers, National Aeronautical Meeting, New
York, 31 March 1959.

937. -Columbium, Tantalum, Thngs ten and ,Molybdenum. Materials in
Design Engineering, Vol.46, Sept.1957, p.85.

938. -New Look at the Refractory Metals, Fansteel Metallurgical
Corporation, Chicago, Mar.1959, p.1.
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939. - Tugs ten, -Point Keeps Etching Pendil Sharp. Fante~tel
Metal lurgicai Corporation, Chicago, Mar.105, pi.1.

940'. 9-van~ Experiments on the Cont inuous Compaction of Ti, Mo oand We

94L. Evr The Compaetion of Metal Powder& by Rolling. Powder
Mtal rgy No.38, 19059, pp. 1 and 26.e

942. Worn Produsce'on of Strip by the DirectRolling Pfocess. Powder
Metalliurgy No.3, 19:59, Oi45.

943. O0YI e Research oft the Production of Ultra-Pure Refractory Meta.ls.
ASTIA. AD42154206 and' 207.

q4-3a. Jonres Updating High Temperature Metallurgy. Metal Progress,
Oetolber 1960, vi.131.

949b. Kri91 High Temperature Metals. JOH, JulY 1960, 0-574i

943c. Sims Oxidation Behaviour an'd Protection of Refractory Metals.
Corrosion,, April 1960, pi 124'.

943d. Moss The Arc-Meltinig Of NT-MW. JLCM. December 1960, p.80.

943'e. OasSfiet Refractory Metals for Air and Space Vehicles. Metal Progress,
November 1960, p.80.

943f. Noesen Consumable Electrode Melting of Reactive Metals. JOM,
November 1960:, P.842.

94 3g. ASTM Sympsu on NwrMts. ATM:$pecial Technical Publication

272, 1960.

943h :Harwood Approaches to the Problem of High Tempera.ture. Proceedings,
Third Plan'see Seminar, Metallwerk Plansee, Reutte, Tyrol.
June 195,8, P9223.

943i. Robin's High Purity Refractory Metals. Proceedings Thirdi Pane

Seminar, Meta lwerk Plansee, Reutte, Tyro1, June 1958, p.324,

943j. Hau.5ner Sl'p Casting. Proceedings, Third Plansee Seminar, Metallwerk

Plansee, Reutte, Tyrol, June 1,958, pt419.

943k. The Theory and Practice of Vacuum Melti-ng. Metalluzrgical
Review, Vol.5, No. 1960, p..

9431. Northeott --eF~~rs ofte Refrac tory fe tais e JLCM, Vol. 3, No. 2,

1961, p. 125

943mi. Bkakih Proceedings of the Second-Symposium on E.B. Processes. The

Alloyd Corporation, Boston, March 1960.
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043U. Bunshah Transact ions of the Vacuum Metallurgy Cottference. N'ew York
Untiversity, Jun~e 1959,.

943. Carflahan, The Skull Caitig 6f Ref ractoty Metals. kef.143tt, p.:58.

9430 . schipereit Cold Crucib,&le Induction Melt intg. JOM, FObFukfy 1961 .l4.

9430i . af f Ce Developnenit of-Refrac tory Metal Sheets in the U.S.A. DMIC
Memto 67, September 1960.

,048r. J,,&f fe Re fractory Metals itt Eiatope. DMIC Memio 83, Pebruary 1961.

5439. Allen Review of the Effects! of Starting Mterials ,for N&Ta4-md.
DMIt metto 00, march 1961.

048t. Sohtsot Mel t itg a~nd Cas t i a of the Refrac~tory Metals. DMIC Report
139, November 0,601.

949u. Iagrat Straint Agirig of Refractory Meta ls. DMIC Report 134. August
'1060.

943v. Riel New D~evelopments in the Weldin~g of Metals. DMIC Report 131,
June 1960.

903w. 6urk -1is Electropolishing and Chemical Polishintg. DMIC Memo 98,
April 1961.

948x. Miller Development of Oxidation Resistance of Some Refractory Metals.
JLCM, Vol.2, No.2, 1960, P.207.

943y. Lement Mechanical Properties Attainable by Alloying of Refractory
Metals. JLCM. Vol.2, No.2., 1960, p,253.

943z. Johnson USAF Progress Report on Refractory Metals. JLCM, Vol.2,

No.2, 1960, p.304.

943aa. Argent The Physical Proper ties of Nb-Ta-W-Mo. JLCM, Vol.2, No.2,
p. 154.
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2. 1 General1 Papers

944. Stanford Columbium. Ref.893, Section 4, P.77.
Research
Insti tute

945. Beg! ey Ref. 55.

946. Begley Ref. 36.
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947. Gosr & Technoloagy af Cbambiufft Wiley, New Yarki 1958'.
Sherwood
(EdItors)

948.i MAB Report on Cb and Ta. 131/1/591i

949. de Ment & e. 8912, Chapter IV, p.i45.
bake

9501. Hampn Niobium; Ref 1 891, Chapter 20i P.389.

951. -Symposiumn on Nb1i JIM, April 19,51.

9152i Siffs Rei. 56.

05 3. Mi 1 er Columbium and i tises. Materials and Methods,, May 1957. 0,181i

954. 30sot The Metal lurgy of Nb. Reearch, 0cOaber 10,51, 0. 

955. zakharo.Va Uses and Pioperties of Nb. Non-Frouis Metals, Russiani,
January 1959, 0. 73.

9156. - Nb, the Medium Rare Metal. Induatrial1 and Engineering~
Chemnistry, October 1957. . 42.

957. Miller Re f. 953.

958. Miller Production of Tantalumn. metal industry, 20/6/58, p.507.

959. Miller Nb and Mo in Aircraft Gas Turbines. metal industry, 27/6/58.
p.527.

960. -Niobium. JOM, May 1958. p.323.

961. Miller Metallurgy of the Rarer Metals Tantalum and Niobiumt. Vol.6,

Butterworth, London, 1959.
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962. Higbie Sources of Golumjbiunm. Ref.947. !P.10.

963. Sims Ref. 56.

964. Miller Ref. 953.

965. McIntosh Ref. 57.

9,66. Carmichael Economic Aspects for Columbium. Ref.947, p.16..
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967. Nickel The Coumposition of NILotglite. The Canadian Mineralogist,
V61., Part !!, 19158, P.264.

061a. Sims The 'olurnbium Supply. JO, Val.131 No.4, 1961, p.316.

2'.3 Production Procesases and Purif tatiail

968. Sibert Revie~w of the Extrttive Metallur~gy of Nb6, RAf.4,i p.2o.

969. aims Re f. 56.

MO0. 0' Dris.oll Purification of Nb by Sintering. 3Im. April 1957, p,. 379.i

971. Sall~ Ref 99

972. K61 k Investigations of Electrolytic Procegse~i Refi947 p.44.

O73 Wright Extractive Metallurgy of Ab. Paper 607. Atoms~ for Peace
Conference~ (U.N)., Geneva, September 1958.

974. Chakravarti The Chlorinat ion uf Nib Ores. Canada Depaftmfeftt of Mines,
Research Report MD 220, 11 Dec. 19L57.

975. .Jly Fbtiatin Prceses f Ductile V and Nbi Paper 1274.

Atoms for Peace Conference (U:.N.). Geneva, September 1958.
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978. May Anhydrous Separation: Selective Chlorination of Partially
et alii Hydrolyzed Chlorides. Industrial and En~gineering Chemistry,

Vol.46, December 1954. P.249,5 (Separation Ta Nb).

979. Tews Ref.947, p.36 (Separation Ta-Nb).
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2.4 Slateringi 4elting Faricat-ioti
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deposition, tagemzone refining).
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1010.i Stanford, Ref.9044, (Summary of the proerties published: in' the literature).
Research,
Inist i tut e

1N11. MA WiM94 (Summifiary of the -p erties published, in the literature).
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cleavage, ductile-to-brittle transition)i

1014. S alle r Ref.m9 (Tensile properties at 210 in feiu or [Nb atnd
alloys NibmTi. Stt'S-rupture tests at 100010 C in vaCUOo n Nb,
(anftealed or hardened), an N%44-i and Nb-Ti alloys, arc-
melted and hot~rolled),i

1015. SIMS Ref.56. (Tensile properties at 1000C, stress-trupture Streng~th,
at 880-1.12060 )

10,16. Begley Ref.908. (Stress rupture strength at 930-1,.1006C).

1017.i Physical and Mecha~nical Properties of Nb and Nb Base Alloys.
DMIC TR 125.

,1018. Tottle ef10.(Tensile properties and modulus from 20 to 550QC,
creep at 500-1000C on Nb and Nb + 6.25 Mo, effect of oxygen
on tensile properties and hardness, tensile properties and
hardness at 200 C on binary alloys with Mo -W - Zr -Ta - V -
Ti - pt).

1019. Vaughan The Tensile Properties ofN.UA RprIR-NC53

1958. (On sheet Up to 5009C - influence of cold working).

1020. Makin The Mechanical Properties of irradiated Nb. Acta Metallurgica,
1959, p. 361,

1021. Tottle Niobium w and its Alloys. Nuclear Engineering, Vol.3. No.26.
MAY 1958, p.212. (Creep from 400 to 709C, hardness at 20QC,
tensile properties at 20 0C and 500QC on binary alloys with
Mo - Al -Zr r Ta - V - Ti).

1022. Tottle Ref.1003. (Various moduli of elasticity from 20 to 5500C,
tensile properties from 20 to 5500C. creep from 400 to 10000C,
comparison between annealed and cold~worked metal from 20-6000,C,
effect of strain-aging azid over-aging).
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1021i He'Lal T-he Mechanical and Physical Properties of Mg and Nb (Tensile
,properties arWd modulus from 20, to l65010 ). Paper 905
Atoms for Reace Com ftnce (U. N.L), Geneva, Set-Lniber 1958.

1024. Zakharova Ref. 955. !(Tensile properties, hardness, modulusa, iteiience
for :Nb cast and fogo at 1i5-l0 . Ifuceof 6
and C oh, hardness).

12.Wessel Me Ductile to Brittle Transition in Nib. Ref.9 47, 0,i66i

IN26. Seybolt Refi.l (Iffluente on hardness).

1027. 8 eh 6f ieId, :Ref i1068. (Inif luen~ce of oxygen and n itragen On hardness)~

1028. All en Creep Tests on Metals. JIM, 1953-54, p.525. ('Creep in
compression at 1000,6c in vacuo).

1029m Jeoson The Metallurgy of N'b. Research,, Oetober 1957, DA (Tensille
properties froml 20 to 5066C).

1030. Haze! ton, Ntobiumi a Prospect for Aviation Gas Turbines. Society of

Automotive Efliineers (SAE) Journal, Vol.66, 1958, LPart 5,
p.67. (Modulus from 20 to 550()C).

10381. Anders Tensile Properties and Rolling Textures. Ref.047, p.66.

1032. Chou Yi Ang Some Properties of Nb Containing N2. JOM, Aug. 1953, p.1032.

1033. Madin Plasticity of Nb Single Crystals. JOM, September 1953, p. 1131.

10:34. Dyson Tensile Properties of High Purity Nb at Low Temperature. JIM,
June 59, P.340.

1035. Exnrietto Fatigue and Tensile Proper ties of Cb at Elevated Temperatures.
AIME Conference, Chicago, 4 Nov.59.

1036. Churchman Cleavage Fracture in NVb. JIM, Jan.60, p.221. (Ductile to
Brittle Transition).

1036a. Bartlett Ref. 1009c.

1036b. Adams Yield and Fracture of Polycrystaline Nb. Acta Metalllurgica,

may 1960, p.328.

1036c. Sheely Grain Boundary Migrations in Nb. JLCM, No. 5, October 1960,
p. 399f

1036A. Begley Effect of Oxygen and Nitrogen on the Workability and Properties
of Nb. ASTM S5pecial Tecnc1Pbcain No72 1960, p. 50.

106e. Mincher Ref. 95a.
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1036f. Dbe Mastry Niobium, ,Reactor Co6re Material. Nucdounids, September 196,

106g rid~ntmpres~t Creep Tests oft Nb at High Tepeaturei JTPM,
Vol.2, No.2,. 19,60,i 0.212.

2.7 Mechaicald Properties - AlloYs

1037. D u Ponit RefC 1 37.

1038. Stanford, Ref.944. (Summiary of mnechanic~al properties and of the
,Research workability of different alloys).
Institte

1039.i MA8 Ref.948. (S8umma'ry 61f mechaia properties and the workability
of different alloys,, including certain properties of the 09C
alloys F44 anfid F48).

1040. Paprocki Ref.174. (Alloys Nib + Ti (0 to 19%) + Al - Cr - F'e - Ni MO-Ta-
w m V - Zr. Cast - Porged - rolled -hardness).

1041. Sailer Ref.95. (Workability an hardness of arc-Belted Nb-base binary
alloys with Cr - Mo -Ta " Ti - V - zri Special study of alloys
Nib - Ti (10%) and Nib -Zr).

1042. Sims Ref.56. (General study of alloying possibilities; the influences
of Ti - Zr - Mo - Cr - V - W - Ta).

1043. Klopp Oxidation and Contamination Reactions. SMI Report 1317,
3 Feb. 1959. (Appendix A: Hardness and' fabrication of binary
alloys ingots (Ti - V -Mo Cr Zr - W m Fe - Re) and ternary
alloys ingots (Ti-Mo, Ti-Cr, Ti-V. Cr-Mo, Mo-V).

1044. 'McIntosh, Ref.57. (0enperal study of alloy possibilities).

1045. Bichkov Some Pro erties of ZirconiumNiolbium Alloys. Journal of
et alii Nucla Energy, VQI.5, 1957, PA40M (Alloys Zr-Nb. Hardness).

1046. Smith The Mechanical Properties of Some Ductile NbA 4Th8s

Alloys Prepared by F.lectron Beam Melting, JLCM, April 1960,
p.69.

1047. Knapton Ref. 16,

1048. T Ref. 1017.

1049. Spretnak Protection o Nb against Oxidation. SttsRpr 6-16,

US Department of Navy, NRO 39.005, 1958. ASTIA AD-15287,
13/10/58. (influence of additions of Zr - Ti " Mo - Si).
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14050.i Sewe~l Ref. 100. (Meltintg rolliltg forging aop'ertie9).

1051. i arnel I ef. 983i

1052. Gordon oxidationReitac of a Cb Zr aTi Alloy. TAIME., VOL:.12,
et al i October 105R,, p.660. (Alloys Nb Zr - Ti)i

,105 . i D Pont Al loys A am Al - Cr imNI. US Patenit No. 2.98. 396, 10 Jutfle
the Nemrtit 19,58 (Arcnmelttd & remarkable resistanice to, oxidatti) .

10154. MNYers The Constituti'on ad Prdperties of Alloys Containing
Tatalum dand Golurnbiun. Metallurgia, V0l.89, Decem'ber 1048,
p0.57. (Constitution -of Nb based alloys).

105,5. HI x AlIloyi N'b ,Cr Ti, Du Pont de Nemours. French patent 1.i117. 316.
(Propertiles given only in corpressionarefnarkab1e oxidation
resistance at 1000,6c).

1056. Semmel Ref.5,50. (0 to 95% Cb).

1057. Elliott Columbium mu ygen System. ASM Preprint 143. 1959. (Tentative
diag ram) .

1058. chang Strength Properties of Some NbimBase Alloys. AIME conference,
chicagoi 4 Nov. 59. (F 48 and F '50).

1059,. Geniel Some Effects of Alloying on the Strength of Nb at Elevated
Temperature. TAIME, Dec.1959, pi898. (1 is 5 - 10% of Ti -Mo

W).

1060. Genders & Niobium-Iron Alloys. Journal of the iron and Steel Institute,
Harrison Vol.140. 1939. p.29.

16.Rhodin French patent No.1.190.578 - Alloys of Nb (+ Al - Fe) - U.S.
Patent 2838395

No.1.190.580 -Alloys of Nb (+ Mo) U.S. Patent

2838396
No.1.190.579 Alloys of Nb (+ Al - MO)
No. 1. 190. 582 -Alloys of Nb (+ Al - Cr)

1062 Shel3'Ally Strengthening of Nb. AIME Conference. Chicamo 4 Nov.

1959. (Tensile Test at 20 -12009C on binary alloys with Al -

Ti -Zr mV - Ta = Cr am Mo -W).

1063. Schwartzberg Elevated Temperature Characteristics and Resistance to Oxida-
tion of Cb and its Al1loys. DMIC Memo 8, 4 Feb. 1959.

1064. Frank Properties of Some Cb Alloys. Symposium on Cb, National
Metal Exposition, Oct.1958.

106L5. Grobe Properties of Cbs!O Ti-IQ Mo. Symposium on Cb, National
Metal Exposition, Oct. 1958.
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10166.s 9iss Hot Hardnet's Meaturemrehts of Some Cb Bdose Alloys. Symiposium

on Cb, National Metal Exposition, oti,1958'.

10-61. Demfastry Metallurgital Studies of Nib- Alloys. BMI 1406. '7 bec.19.

106,8. Jahnke Co lumbium Alloys To6day. Metal Progress, June 1960, 0i 49 and

1068a, Hobsoni A Prel1iminary Study 6-f the Aging of Nba4r Al loys.4 Oakridge
National Laboratory, Toflfl0ee. 0RNL-201095 JaftuatY 19061.

1068bi Braun Untersuchungen ant Nb-Ta Legierungen. JLtM, Vol.1 1, :No. 6,

1068c. Begley Effect of Alloying on the Proper ties 6,f Nb. JLCM, Vol.3,
No.1, At6li pi.

10'68d'i Weigeirt Alliage de Niobium. BOevet Frangaig L.244.041, September 1960.

1068'e. Wlbdedk Alliage de Niobium. Brevet Frandais 1.244.043, September 196M.

1.241.241, August 1960.

1068f. mayktith Developmnent of Corrosionl Resistant Nb Al loys. BMI Report 1437,
May 1960.

1068g. Maykuth Ref. 189a.

1068h.:De Mastry Development of High Strength A~ Alloys for Elevated Temperature.

BMI Report 1417, February 1960.

1068i. Smith The D~evelopment of Oxidation Resistant Nb Alloys. JLCM,
Vol. 2, No. 2. 1960, p. 191.

1068J. Mayo Oxidation Behaviour of Nb-Cr Al1loys. JLCM, Vol. 2, No. 2, 1960,
,p. 223.

108k u ot uPont Alley D 31. D~u Pont Technical B Iletin, April 1960.

2. 8 Welditng

106-9. Begley Ref. 55, D.95 (also Part III, Part IV, MAY 1960. (Welding,
equipment, theoretical considerations and the selection of
welding alloys, influence of gaseous impurities and carbon,
welding tests on Nb..Zr alloy)

!070i Be gl ey Ref.36, p.60. (Welding).

1071. Cox Welding Nb and Ta. Murex Review No. 16, 1956.

1072. Yntema Ref. 909.

1073. William$ Ref.986. (Welding).
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167a. eosi #6eldIng of Nb and Nb Alltoys. DMIC jMemo 69,, October 1966.

10781N Legkowski How to Welid Nb Al loys. Iron, Age, N&. 21, 1560, pi ,101

1011c. Schwartz Brazing of Cb Alloyt. Weling Journal, April 19'61,~j O371L.

2.9 I clIaeu

1074.~~~ Tot( Ref. 103_Rit e Of Nb to aquou~s solutions).

1075i Mactntosh, Ref.57. (Resistance to acids, lig*uidi metals and other mateirials).

16. eahRe f 140 ani itef. 141 i (Ou - Crm AU Ni1 m-6a ~)

10 77. Fa~ust Ref. 187. (FC- Ni).

ti,78. Young Anodic Oxidatof of Nlb. Transactions of the Faraday Society,

April 0956, p.i02.

1079. aegl ey Refi55, p,09. (TheribodynarnIcs of Nb Oxides. Kinetics Of the
wateravapor Nib reaction),

1080. Hainpel Re f. 9 12.

10181- Johanseft Anodic Oxidation. JE, June 1557, .8339.

1082. Krudtaa EleCtropolishingofCb and 'Pa. Metal Progress, Jan.1960, p.101.

10,83. Buchheit Procedures for IMetal lographic Preparation. DMIC Memo 37,
26 Oct. 1959.

1083a. Bakish r(n the Anodic Oxidation of Nb. JES, July 1960, p. 653.

3. TANTALUM

3. 1 General Papers

1084. Klopp Ref.302. (Analysis of 205 references),

1085 $St anf o rd Ref.893, Section 7, p,.130, Tantalum.
Research
Institute

1086. MAB Ref.948.

1087 YaceyMetl l'rgia~ h~r~t~ist~s f Tq. AIME C nference, Buffalo,
19/3/56.

108.8. Hapel Extraction m Chemis try and App licationis of Ta. AIME Conference,
Buffalo, 19/3/56.



160. Simpson Prodction, habF icat on and App lictoso Mod Wt TS Or heet
Sh~et Metal th'dustries, May 1953, P. 7

1090. Hawel Ref.89, Ch'apter 20,i pD92i

1091.i de Ment & P.ef.892;, P.116.
Dakei

1091. MI 11er Ref . H1.

1093. SehmIiit Tztalin ad Tantalum Alloys. DMIC TR 13-3, 25 July 100.

103a artlett Re-f . 9,61 ai

3. 2 44neral' Resources

1094. Barton, Gb ad Ta. Minerials Yearbook, ;US Bureau of Mines, 19,56.

1095. Klopp Ref. 302.

100. Hampel Re f. 1088.

1097. Titterington &r The Production and Fabrication of Ta Powder. SympoiOo
Simpson Powder Metallurgy, iron an, Steel Ingtitute, 1954, Oi.Il

S. 3 Production Proeisses andl Punr f icat ion

1098. Miller Tantalum. industrial Chemistry, Vol. 25, 1949, P. 388.

1099. Klopp Ref. 302.

1100. Miller Production of Du.ctile Tantalum. Third Plansee Seminar,

Proceedings, Metallwerk Plansee, Reutte, Tyrol, June 1958.

1101. Miller :Re f. 958.

1102. Lee Tungsten and Tantalum. Chemical, Engineering, Wetember 1948.
P. 152.

1103. Titterington Ref. 10971

1104. Rolsten Ref. 328.

1104a. Sherwood Ref. 985a.

1104b. Carl son Ref. 985b.



3. 4 Stnterig, m4et ting, Fabiricatiloti

110-5. Myers Aef i 236C

110C. Myers Merhanitai Warking of Ta. Metaiitrrgia, N~vreAr 1948, 0,.7.

It107. miiller Ref1 I I W

11018 Preparat ion of Extra Pure Tad and Of Ingots -by Natball
Ae&ea~thCo. Cheical Wek, 10 July I'M8&

1'.10. My ersg S~ff Pr~pertie,6 of Ta4. Motadlutrgia, April 101501, 0,801i

111G. Pugh A6olling Textures iti Ta. TAS, 1956, !p 2r

I1111 Greenwoobd Attneahlig Teinperature of Ta. Nature, 19041, p; 675,

1114. TKIPP VauunReactions of Niabiumn during Sfnterinig. kef. 041, p. 06.

15 Klom Purificat'o P.eatio of Ta during Vacuum Sin terin. AM

Con~ference, chicago , Nov.59.

1116. Torti Purification of Ta obtained by Vacuum Arc Melting. JE8,
-Jan. 1960, p. 33.

1116a. Klopp Purification Reactions of Ta during Sintering. TAIMP, Vol.218,
December 1960, p.971.

1116b. MacCullough Ref. 1002b.

3.5 Physical Properties

117. Klopp Ref.302, pp.8-20.

1118. MAB Ref.948, pp.44-49.

1119,. Fansteel Technical Data Bulletin, Fansteel Metallurgical COrporation,
Chicago, No,.2100-1, 1/5/50.

1120. Pugh Ref rac tory Metals. JOM, Ma-Y 1958, p.33,5.

1121. Ogden Physical and Mechanical ProperisQ q M0Mm o 2

2,8 Augu-st 1959.

1121a. Tye Ref.- 1009b.
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3.6, Mehanical Properties a unalwoyed Metal

112. huga1er Mechnical Properties of Tad Consolidated by Melting. AIME
con eence, Chicagoj 2 Nov. 1'5gr.

1123., Pugh, Temperature Dependence of the Tensile Proper tieg of T. TAM
1456, 10. 677. (Frot. -200 to 1, NOTC in vaeub)'.

11124. Murphy Obsdrvdtion9 on Creep of TPa. AME-S Laboratoy .IS 2:6 (I0wa
State COllegeO, Ames, Iowa), 1 Auguist 1g.59.

1125. BeOhtold' Tensile Proper tie of Ta at Low Temperature. Ae-ta Metalluricad-
1955, Di.249.

1126. Klopp ftef.302, ppo24/42. (General r6VieW and new ceee results at ,50

in, helium).

1127. Stan~fordl Ref.803, 30 Jani.1959,j3 1i30.
Research
Institute

1128. Kattus & Tensile, Fracture, and Short-Time Creep Properties of -Aircraft-
Do t son Structural Materials at Very High Temperatures after Rapi

Bea t ingi WAbC TR.55-301, Deceffber 1955, ASTIA D00C. No. AD-110560.
(Properties from 30 to 2760 0C in air).

112m Preston Determintation of the Mechanical Properties of Aircraft-
et alii Structural Materials at Very High Temperatures after Rapid

Heating. WADC TR.57-649 Part 1. Jan.1958, ASTIA DOC. NO.
AD 142284. (Stressmruptore tests at 1650-27509C).

1130. Myers Ref.1109.

1131. Pugh Ref.1120. (Tensile properties from - 1960 to 1,2009C).

1132. S5chwartzberg Investigation on Tantalum and its Alloys. WADC Technical
Report 58e525, November 1958. (Hardness at 200 of cast metal
and cold rolled metal and the determination of recrystalliza-
tion temperatures of binary alloys with 5-10 and 30% of Zr,
Mo, Nb. W, Hf. V).

1133. Holden High Temperature Mechanical Properties of Ta. ASTV Newer
Metals Symposium, Sao Francisco, 11 October 1959.

1134. SWier Ref.99. (Properties at 1.200V in helium).

1135. Allen Exploratory Creep Tests. JIM, 1953-54, p.525 Cep±

compression at lO009C)i

1136. Ogden Ref. 1121.
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1137 Ko~t~r Dife i'eopetdatrbhwngigkeit des Elta tizi tatsnodu ls Reiner
Metaile. M1 V6.39, 1 4& Oil. (Nioduias Of Masai City,

200 to 2800PC).

113.8, Mwnler Texture of Cold-,Worked or RcytliedS es.Zim, Novemfber

1139. Drennan ftih-Temp'erature Mechanical Properties of WBI Report 1326.
(Atrm01tedl or sintered wcreep ru~'t'ur to 5C- effect of
grain size).

1 14. Pugh R6,llIng Textures in Tai TAS-1, 1956, '526i

141. Wens ch Reryttallizton of To.. J-OM, 1015,2, p.596

1142. Dis islocation Con figuration and Densities iln To Crystals. A~
19158. P. 120.

114,2ai Schussler Mechanical Properties of T. 'Consolidated by Melting. TAIM~,
October~ 1960, 04893.

1142b. Frankl in Effects of Irradiation on the Mechanical Proper ties of Ta.
BMI 1476, Novem~ber 10..

3.7 1echanica1 Properties - Alloys

1143. Smith Ref. 1046.

1144. Myers Some Properties of Ta Alloys with W and Mo. Metallurgia,
1950, p. 3.

1145. Schmidt Investigation of the Properties of Ta and its Alloys. WADD
TR 59-13, March 1960.

1146 Klopp Ref. 302, p. 42. (Alloying Behaviour).

1147. -Alo Ta-70 W. Fansteel Metallurgical Corpotin
Chicago.

1148. Braun Bei trag z~r Techno logie der TamW Legirnen (TheTehio'
of Tae.,W Al loys). Proceedings, Third Plansee Seminar, Metaliwerk
Piansee. Reutte, Tyrol, June 1958.

1149. Richardson Research on Tungsten - Tantalum Alloys Development. Ref.1169.
(Alloys TaelHf, Ta-Re, TamW, TamWeHf, TamW"Re).

1150. National Tantalum, Tungsten fill Hot Needs. Chemica@l, and Engineering
Research News, Vol., NQ.42, 19 Octoer 1959, p.52.
Corporation,

1151. Powers & Internal Friction inSolid Solutions of Tantalum. Acta
Doyle Metgllrgica, VoL.4, 1956, p.233.
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1152. enpo Rf .'16.

15. Perkins iPatent F 1.114 ( Uali Carbidb) (Ta-Ti Allbys)i

1154. Schafidt Re f 1093.i

11'54a. Kiopp Effects 6f Alloying 6h the Ozidatiobn Behavijour of Td. ASM
P?8~?flt 2 10160.

111154b6. Braun Ref. 10,6816i

1154c.i Schnnidt Re f. 1093,.

11541. Sdhhtidt Methoanicgl Properties of Ta Base Al loys. ASM Preprint 233,,

3.8 Welding

1155. iVagi Resistance Spot-Welding of Ta. Welding Enginering, Oct.
1959, P. 52.

1157. YhteffaR. 909.

1158. Haslip Tungsten Arc Welding of To. Welding Journal, Deci 1959, .1165.

1159. Silverstein We lding Ta. metal Progress, June 1960, p.102.

3.9 MIScellaneous

1160. Hampel Ref.lO88. (Application of Ta in the chemical industry).

1161. Klopp Ref.302, p222.(Reaction with different liquid)

1162. Hampe! Ref. 912.

1163. Johans5en Ref. 1081.

1164. Wensch Polish~ing Ta. Metal Progm-5, 1952, p.81.

1165. Krudtaa Ref. 1082.

1166. Buchheit Ref. 1083.

!!H6a. Masing Optical Properties of Anodic OYxide Films. JES, Vol.10$, No.5,
1961, PA.4.

16bk. Bishop Preventing Hydrogen Embrittlement of Ta. JOM, Vol.13. N .2,
1961, p. 144.
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I16,6t. jeiiriy Electrolytic *Etthivg, of Deftse Tai AES, Vol. 108,i No. 5, 1961,
p. 442.

1166d,. Fir4ik.i11 Ref. iI142b.

4. TUMGMUN

4. 1 Gneral Papers

11,67. St~ftfThd Refi803. Sectiohn;18 p,164-18.Turigsteri, (30/1/09).
Research,
Institute

1168. Sm:i thell s ef.,529. (A treati e on, metallurgy, properties and application~s).

11 O. Office of Cbrnference on teseoaroh in Progress on Tangsten.ODurham, North
Ordnance Carolina, U.S.A.,~a 159.
Research (U. S.)

1170O. Austin What Its New in Tuftsten Research (summary from Durham). Metal
Progress,, Dec.59, Kp,1.

1171. Materials Report of the Pane:-] on Tungstert 11/9
Advisory
Board

1172. Davis Molybdenum and Tungsten: Possibilities in the Nuclear Field.
Nuclear Enginerhna, V6l.3. No.27, Jurie 1958, P.243.

1173. Li & Wang Tungsten. 3rd ed:Ation, Reinhold. New York, 1955.

1174. fHainpel Ref.891, Ch.25, pp.t.4.3-500,

1175. de Ment & Ref. 892., pp. 141.1'6;0
Dake

1176. -Tungsten and Molybodrtjm. Fansteel Metallurgical Corporation.
Chicago.

1177. Hall NASA eerh n T,,Cungse cz1 Tungten Alloys. Ref.1169.

4.2 Mineral Resources

1178. Li Ref.1173, pp.4-1 65.-.

1179. j. de Ment Ref.892, pp.14114-a:,

1180. Davis Ref. 1172.



4.3 Productioni Pfrocegses aidi Puriftiatli

1181.1i Rf ~i 1 7, pp. 166-269 and ppi.4114,61i

1184. Lee Tun-gsten and Tarntdlun. Ohenflaal Enginerinri, Seipteffbet 1,048,
pi 152,j

1185. Robers~tu Bureau of Mines Tungs'ten Peogramt. Rtef 1169, P. 1. (Production
of ultrazoure W).

1186. RBV Ltd. Prenh patent 1.146.021. (Redu,(,tiona of WO, in, dispersed phtaSe).

1,87i Bureau of 'Soft' Tun~gsten Mystifies. Cheffiical and Engineering NeWsr;
mines Vol.,3'8, No.1. l1960, P.4.i

nv8a. Sherwood Ref. 9815a.

1181b, Nieberlem High Purity W by Fluoride Reductions (US)0 Buxreau of Mine s
Report 55390, 195-0.

4.4 Sitrilng, 4elting, F-Abricatiou

1188. Barth The Fabrication of Tungsten. DMIC Report 115. 14/8/59. (P.4:
Ductile to brittle transition - recovetry rystallization -

p.16 :sintering-mneltinlg-casting - p.26 primary and, secondary
working).

118. Sitel Ref.529,, pp.89-117,

1180a. MIAB Ref.1171, pp.45n72.

119. Shader lec RBeam Mel1t ing of Tungs ten. Ref. 11,69, p. 71

1191. Morgan ArCGas ting and Fabrication of Thrigs ten. e.19 .7

1192. Noesen Ar-c Melting and Fabrication Qf Ttngs ten. Ref.1169, p.53

(TAIME, April 196,0, p1256).

11931. Klodt The Effect of Selected Rare Earth Additions on the Rlemoval of
in te rs t It ia s. Re f .1169, p. 65. (See Univers ity o f D-enver
Report N S8, 8 May 1959).

1194. Jones Practical Aspects of Sintering Tungsten a~nd Molybdenum.
JLCM, April 1960, p.76.

li195. Sell Cominpcted Tungsten Powder. AIME Conference, Chicago, 4 Nov.
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11K6 Hausner Sli1p Cas ting of Metal Powders. Powder Metallurgy au11etti,,
Junve 19§58, p.,53

1497. Charvat Slip 'Castitng of Tungsten. AMN Reactive Metals Conference,
Buffala, N.!Y., 1958.j

18. Reinhardt PropertCis of Slip-"Gas t Tangs t en. AIME, Conference, Chicagoa
4 Nov. 1959.

1199. Macculiough The Potential of I-N-FAA for the Convers' ion of W. Re f.i11i

12-06. Rieck Growth and Orien tation of Crystals in Wires. Acta :Metal-
lurgica, May 1958, p.360

10.Leber X Ady Metal lographie Study of Are-6est Tungsten. TA~M,
Vol.51, 1959, p.231.

1202. Koo Anlnealing Ou.t of Point Defects. AIM Reactive Metals

Conference, Buffalo,, N.Y., 1958.

123.-Tungsten is Forged-Extruded. IroO Age, 19 March 1959, P.126.

120C~ Carlson Tungsten Zone-Melting by Electron Beam. JES, Jan.19.59, p.49.

1205. beach Ref. 934.

1206. Buehler The Crowth of Mo, W and Gb Crystals by Floating Zone Melting
in Vacuum. TAIME. Vol.212, 1958, p-694.

1206a. Pugh Vacuu~m Sini.cring of Tungs ten Ingots. JES, December 1960. p.990.

1206. Tensng he abrcaton f W. STM Special Technical Publication 272.

1206c. Morgan The Consolidation and Purificat ion of W in High Vacuum.
Ref. 943n, p.S5.

1206dW - Alloy Ingots Sold in Large Sizes, Materials in Design
Engineering, Vol.52, 1960, p.198.

12Q6e. Foyle Initial Investigation of Arc Melting and Extrusion of W.
NASA TN D 269, March 1960.

1206f. Lamarche Vacuum Arc Melting of W and W4Mo Alloys, Ref.943n.

1206g. Lamarche Vacuum Arc Skull Ca tigo ndMo Re94n

4.5 Physical Properties

1207. Smithells Ref. 529, pp. 168-193 and pp. 199-225. (Thermionic Properties).
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12'08. MAB Rtef. 1171, pp,. 14-18i

i1101 05bori The rmal Co6nductivities of Tungsten and MO lybdenuL at Inafttdes-
dent Temperaturesi Journal -of the Optical Society of America,
V0l.31, 1941i p.428

1211. WIte US Naval Researc'h Laboratory, 17/6/58j May 1959 (Coefficient
of 'Expansion).

1212. Barth Phys ical oand Mech-nical Properties of W and W A I y 1  MI
TR 127, 15 March. 1960.

1212a. Tye Ref. 10096.

4.6 Mechan~ical Properties w Unalloyedl Metal

1213. Bechtold Flow and Fracture Caracteristics of Annealed !W. TASm, 1054,
p0.397. (Effect of temiperature on brittleness properties of w;
ductile to brittle transition; tensile Properties from 2000
to 9OG, air and helium),

1214, Jones The Annealing of Worked Tungsten. JLCM, April 1960, p.163.

1215. Greenl Short4ime Creep Rupture of W at 2,250 to 2,98006C. TAIME,
Dec. 1959, p. 1057.

1216. Harmon Mechanical Properties of W. AIME Conference, Chicago,
4 November 1959 (also Ref. 1169). (20 to 8000C - ductile to
brittle transition as a function of fabrication processes).

1217. - The Effects of Temperature on the Proper ties; of Tungsten.
US Air Force Special Weapons Center - Project 8805, Mar. 1 1959.
Contract AF 29 (601) - (1589).

1218. Simmons Recrystallization of Tungsten. Metal Industry, Vol.79,
Dec.21, 1951, p.519 20. (Effects of swaging temperature).

1219. Schadler Deformation Behaviour of Zone-Me ted W $ingle Crystals. AIMSE
Conference, Chicago, 2 Nov. 1959.

1220. Keith Elevated Temperature Strength Properties of Tungsten. AIME
Conference, Chicago, 2 Nov. 1959. (2000m2:500 0 F) (1090-1370 0 'C).

1221, Pugh Tensile and Creep Properties of W at Elevated Temperature.
TARM, 1957, p,906. (Tensile Properties from 20 to 1,1009C in
vaceuo - stress rupture and creep at 87O-1,20O9C).

1222. Stanford Ref.893, Secin8p17,3Ja.9. (Rupture strength up

Research to 2,8309C on cold-drawn metal).
Institute
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1223. Harmon Kef. 116, p:.49. (Effect of fabriceation, conditions on, the
tensile Properties fromi 200 to 800"C).

124 Pugh &i the Recovery and Recirysallization Of Tungsten. Potedings,
Third, Plansee Seminar, wetaillwerk Pianse,. Reutte, T'yroli
June 1958.

1225.i Pugh. The Temperature Dependeftie of Preferred Orientations in ftolled
Tungsten. TAIMEj October 1958, p,.637.

1226.i Davis Ref.1172i (Effect of aneingroytiiaintemperature
,ultimate strength from, 2,0-1t2006c, MardnIess fron 2(om18000c)i

1211. Hall1 Tensile P~roperties of Mo6 and W. NAA Memo 344-0E, Peb. 1959.i
(Tensgile properties from 2,500 to 3,7100OF in vaicuo)o

1228. Sikora High Tenperdture Properties of Wrought Sintered tungsten
NASA TN D10 (also, Metal Progregs, April 1960, P.1!98).

1229. Atkinson Phy ical1 Metal lurgy of Wfand W gage Al loys. WADD TR 60w37,
May 1960,

1230. Pugh Ref. 14120. (Tensile properties from 200 to 109000),

1231. Davis Recrystallization of Tungsten Wires. Metallurgia, Octobe

1958, p. 177; Nov.0158,, p. 228.

1232. Opinsky Afechanical Properties of Tungsten Wire. AIME conference,
Chicago, 4 Nov. 1959.

1233. Koster Ref.1137. (Modulus from 20 to 80019C).

1234. Nachtigall Recrystallizat ion of W. Proceedings, Plansee Seminar, Metall-
werk Plansee, Reutte, Tyrol, 1955.

1235. Bechtold StrainwRate Effects in 0'. JOM1, Feb. 1956, p. 142.

1236. Swalin Effect of ithpurities on Recrystallization Temperature. JIM,
November 1957, p. 12,9.

1237. Jaffee Effects of Impurities on the Properties of Tungsten. Ref.1169,
p. 57.

1238. Hal NASA Research on WI and W A lQys. Ref.1169, p.51.

1239. Makin Effect of Irradioation on Tens Le Prprt JM ctoe
1957, P.108.

1240. Kinchin, Irradiation Damage in Mblybdenum and Tunigsten. Journlal of
Nuclear Energy, Vol.6, 1958, p.275.

1241. Neimark Annealing of Point Defects in Gold-Worked W. TAIME, Feb. 196O,p. 82.



1241a. Schadiler Deforma tion Behaviour of Zone-Melted W*Single Crys~tals.
TAIMEt AIgus~t 1960, PA. 69

I21b.i :Geach, Subs tructures 'n Single Crystals o~f 'W. Proedigs, Thfrd,
Plansee, Seminar', Metaliweek Pae," Reutte, T'yrol, June
1958, pl. 7.

4C1 Nehanioal Properties -Aliloys

1242. Barth Ref 1212i

1243. Stan ford Ref.803, pi 177i (Alloys Ni-W).
Research
institute

1244. Oeaeh Properties of Alloys W-Re. Proceedig, Plan'see Sem~inar,
Metaliwerk Plansee, Reutte, Tyrol, 1955, pi24,9.

1245i Dbavis High-Strength Ni*W Al lys. IM, 1956, V,.160. (Tensile properties
up to 1,0066C).

1246-i Kieffer Sintered High Mfelting Poi~nt Tungsten Alloys. ZM.j VoL50, 1959,
P. 18 (Alloys WaTa).

1247. Kieffer Tungsten Alloys of High Melting Point. ,tLCM, Feb. 1959, p. 19.
(Minlary alloys with Ti-Zr-Hf - Cr - Mo w Re - Pt - V - Nb-Ta).

1248. Atkinson Ref. 1229.

1249. Richardson Research on Tungsten - Tantalum Alloys Developments!.
Ref. 1169. (Alloys W-Ta, W-Ta Hf, W-Hf, W-Re, W-Ta-Re).

1250. Braun Contribution to the Technology of Tantalum-Tungsten Alloys.
Proceedings, Third Plansee Seminar, Metallwerk Plansee,
Reutte, Tyrol, June 1958.

1251. Dulis Research on Forgeable Refractory Alloys of Tungsten, with
Ta-Mo-b. Ref. 1169.

1252. Jaf fee The Effect of Be Qrn the Fabricability and Duictility of Mo
and W Alloys. Proceedings, Third Plansee Seminar, Metaliwerk
Plansee, Reutte, Tyrol, June 1958.

1253. Semchyshen Research on W-Base Aly atCimx Ref.1169. (Binary alloys
arc-melted' with Mo, Zr, Hf, Nb, Ti, Ta, Co -hardness measure-
ment up to 3000-9F).

1254. Richardson W-Ta Al1loys. Ref. 1169, p. 27. (W-Ta + Hif, Os, Re).

1255. Atkinson W Allo -ys Dev~elopment. Ref.1169. (Second insoluble dispersed
phase TaO2 ZrO2, B, CB).



12'56. Holtz Development and Evaluation tof High Temperature Tungsten Aild6yt.
W'ADC TR-59al9, April, 105.

1251. Jaffee u tD*Itiity of M-e and Ro !- llated Refractory Allo6ys. Ref.1169,
P, 590. (W-Re)}.

12'58,. Semmel Ae-fi.59. (0, to 95% tb)i

,1258,ai Atkilhson Physical Metallurgy of W and W Base Alloys. WADD, TR 60437.

4.8 WedlIng

1254. garth Ref.1188i P.45, (Joinung - 16TA2zirig -w1din'g).

12,55a. Mouroe Joining of !W. DMIC Meffio 74, Novernber 19,66.

4.9 miscellane-ous

1216Oi Davis Rof. 560,.

1 D avis Embrittlemnent of Wites by Contaminants. Nature, 26/4/58, PA1198.

-62. Goetzel Ptoteet ion of W by Coatings of Rhodiumn.Re.16,p83
(influence of iunderlayers :Re-Cr-Si).

1168. Breitier Studies of W Cotings at AMS. Ref. 1169, P.19. (On Mo and
graphite).

1264. Kram er F lame Spray ing wiLth G-S A. Ref. 1169, p.1.

1265. Saubestre Ref. 189.

1266. Davis & The Electrodeposition of Tungsten. Metallurgia, 53 (315),
Gentry Jan. 1956, p. 3.

1267. Buchheit Ref. 1083.

5. MOLYBDENUM

5. 1 General Papers

12%~ Hiarwood Ref.572.

1269. Northcott Ref. 570.

12-70. MAO Report on Moblybdenum, 1959.

1271. 1-laipel Ref.891, pp.271=290.

1272. de Ment & Ref. 892, p. 128.
Dake



1273. Harwod Some Aspects of the Technology of Mo and Its Alloys.
Proceedings, Planse,6 Seminar, Metallwerk Plansee, Reutt9,
Tyro-1, 1956, p.2'68.

1274. C ase A Me tallurgical Study of*M. 8MIi PBI 1753,i 15 Oct. 1954.

15. FP9reai, ARef. 814.

1276. Parke Rief. 92-8.

12211 M-1Ilter Mo, a *Versatile Metal, 'The Ind'ustrial Chemilst and Chemical
Manut &cturer, October 19:57, 509.

1278. HIM Arc CastingMolybdenum Probed for High Temperature Uti'lity.
Steel, 15 Jan.1951, p.'106.

1279. Hiam An, Intrbdattibn to Araasting Mo. ASME, No.50-A-70', 1950.

1280i Davis Ref. 1226.

1281. 0 Ods A Metallurgical Study of Moi 9MI Reort 31/10/59i

1282. Mac Cloud Ref. 816.

1283. Freeman Arc Casting Mo. American Machinist, 24/9/56, p. 149.

1284. Freeman Mo Alloys - How to Use Them. Materials and Methods, November
1956. P.114.

1285. Deubl e Mo in Metal lurgy. Metals Review, Jan. 19,56, p. 7.

1286. ASM Fabrication of Molybdenum. 1959.

5. 2 Mineral Resources

1287. Miller Ref. 1277.

1288. Hanpel Ref.891, p.271.

1289. Northcott Ref.570, p.

1290. Parke Re f. 828.

1291. Davis Ref. 1226.

1292. Argall Molybdenum. Mining World, 16/4/56, p954.

1293. Baker Flotation Recovery ofMlQe~e Canadian Patent 527m97,8.

17/7/56.

1294. Dresner A Kinetic Study of the Leachin~g of Moolybdenite. JOM, June
1956, P.794.
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1295i Geeha 'Minral Facts-Mn. tU.S8. Bureau. o Mines Bulletini 5:56, pi.548.

5. 3 Producatio Processes and Pulli fiektiofl

129,6. miller ~ Re f. 1277.

1.297. Nampe'9 Ref89 , .273-217.

.1298f. Northeott Ref.5roi pp.9-22i

1259. Toensift M6lybderzum Metal Powder. ASMI, 18/9/56, PA31

130. couch, El, tolyt it ftef -lt I tziftg of Mo. TAIM-E. June 1958, p.320.

13-01. 8edeiOf f Electrolytic Preparation from Moltent Salts. JE, 1954, 0.101
and 1056, P.11.

1302. Gilbert Bom7b Rteductionl of MO 3 by Ca Metal. JI, u1lY 1955, p.394.

1302a. Sherwood Reif. i 5a.

I 802b. CampbellI Electrodeposition cf Mo. JES 106, 1959, p.119.i

5.4 Stitering, Melting, Fabrication

1303. Parke The Melting of Mo in the Vacuum Arc. AIME Technical
Publication No.2052, 1946.

1304. Harwood Ref. 572.

(Scott - Consolidation of Mo by Powder Met., P.51.
Timnmons Arc Melting Mo, p.80.
Bruckhardt - The Working of Mo and its Alloys, p.1109.
Nisbet - Fabrication at very High Temperature, Pt1
Russ sForging of Mo Alloy Turbine Blades, p.511,
Kief fer - Sintered and Arc Mfe 1ted AlIloys, p53)

1305. Jones Ref. 1194.

1306. Timmons Fabrication of Arc Cqst Mo. JOM, July 1957, p.971.

1307. Miller Ref. 1277.

1308,. Monroe Fabrication and Welding of Arc-cast Mo. Welding Journal,
October 1956, pt488 s. (Influence of the addition of titanium
on the transition temperature).

1309. Freeman Ref. 814.

1310. Weare Welding journal, June 1957, p.291 a (Example of the fabrica-
tion of cast Mo).
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1311. Parke Ref. 828.

13,12. ay-ron! Me thod, o f R oUing Mo and Mo Al Ioys. ul. -. Pat ent 2.7167. 112,
October 1956.

1313. erzigDevelopment of Ard-Cast M6. Metal Progresa, JuiiY 1956i p.1'03.

1314. Moss Factors Affecting the Cramn Size of ArcmCast Mo. LCM,
Feb. 19:59, pi34.

1315'. Goodwin: Somne Metallurgical Considerationzs in- For ging Mo-Ti~Zr. DMIC
memo No.n12 25 March, 10154i.

1316 Re~ngstbrff Cadst Mo, of High Pu' i ty. TAIME, Feb.19152,j p. 157.

1811. Quadt Press Eitrus16n of Mo6. *Refi1286, 0.13R.

1318. Gol dbe rg Forming of Clad Mo. R~ef. 1288., 0. 148.

131q. Russ Forging of -go. Rtef. 1286, pi 169.

1320. Pickman High Temperature Mechanical Workintg of .9o. ANC, No.2,
April 59, .1.

132,1, Kieffer The High-Vacuum Arc Melting of Mo. ZM, March, 1956, P.160.

1322. Duckworth~ Drawing of Mo. Machinery, 19/2/54, P.3-89.

1323. Deubl e Applications of Arc-Cast Mo. Metal Progress, August 1955, 0.77.

1324. Swartz Present Status of the Art of Mo Fabrication. Metal Progress,
August 1950, p.181.

1325. MacCloud Ref. 816.

1 326. -New Plant for Refractory Metals. Iron Age., 13/11/58. (IN-FAB).

1327. Ham Ref. 1278.

1328. Ham Ref. 1279.

1329. Jackson The Ductility of Arc Cast Mo. TAIME, Septee190 11.

1330. Moss Various Arce~elting Processes. Symposium on the Study of
Metals and Alloys above 12009C. Oxford Unvrst Depart-3-ent

of Metallurgy, September 1958,

1331I. Hopkjn ArceMelting of Mo. Institute of Metals, Vol.82, 1954, p.361,

1332. Kieffer Ref. 1321.
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133. Moss Grain Structure of At-elted Mo. Syrnogiumi on, the Study
of Metals and Alloys above .1200C Oxfordl University
b~~trei Of Metallurgy, 83eptember 1058K

1334. Rendal 1 For geability of Mb antd its Alloyso Institute Of Metals,
Vol.92, 195151. ,.34:5

1-3315. Ward Hligh Temnper-ature Work i~g of Mo. Symposium on tht Stu~dy of
Metals an~d Alloys above 12006C. Oxford! University Department
of Meta 114autgy, Setembe r 19:58i

1136 Goach ZOnteMeltintg of Re frac tory Mletals. Symposium On! the -Study
of Metal's Hid Alloys abbve l2 0 C16. Oxford -Urvors5ity
Department of 'Metallurgy, Soptember 1958.

1137. Belk Fl16dtibng Zorie-AMeitiag on Mo. .Smn-osiuml n ~th.c Study of
Metals and Alloys above 1200 0C. oxford unrIversity Depar'tment
of Metallurgy, Septem~ber 19158.

1338. iHampel Rf. 891 p8-8

1339. Northeott Ref.,570, pp.U3658.

1340. Kol be inert Gas Forging. TES, December 1954, p.601.

1341. Gousseland Arc~Melted Molybdentum. Me't&UX-Cor'bOf, November 195,5,
p.415.

1342. -Molybdenum. Metal, industry, 27/6/58.

1343. Belk Zone Refining of Mo. JLCM, Feb. 59, p. 50.

1344. Calvert Shape Casting of Wo. AIME Conference, Chicago, 2 Nov.1959.

13444. Nelson Mo Alloys and Process Technology.JM o. o3 91

p. 223.

5. 5 Physical Properties

1345. Northcott Ref. 570, pp. 22-31.

1346. Parke Ref. 828.

1347,. Davis Ref. 1172.

1348. Marden The Effect of Working on the Physical Properties of Alog

Transactions of the Electrochemical Society, 1946, pp216.

1349. Martin Thermionic Emission of Mo. Physical Review, Vol.33, 1929,
p-991. (Photoelectric).
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13850. Worthing Physical Properties of Al6 as a Function of Ternperature.
Physical Review, Vol1.28, 192, p.190.

1351. Jones The Rates of Evaporation and the Vapour Pressures of Tuhgsteo,
et alIi Molybdentum, Platiiun, Nickel, Iron, Copper arnd Slilver.

Physical Review, Vol.30, 1927, Di20i. (Rate Of evaporation
vapour pregstr).

13,52. -Hull X Ray Crystal Arnlysis of Tirteen COon*or Mtai1. Physical
Review, V61l.17, 1921. Vi571. (X RAY analysis).

1353. W ighit Positive ad Ndegative Thermionic Emission from Molybdenum.
'Physical R~eview, Vol.60, 19041, p.4,65. (Theffiviofl6),.

1254i Worthing The Temperature Sedle oamd the Meltintg Point of M~olybdenum.
Physical Review, Vol.25, 1925, 0.846.

1355. Lu A t Accurate EivaluationL of Lattice Spacings from Packs
Chang Reflection Powder Photographs. Proceedings of the Physical

SOciety, VOL.53, 1941. p0.517 (Lattice spacings).

1356. Kannul uik The rmal Conductivity of Mo. Proteedfin Of the Royal
Physical SocietY, Vol. 141, 1933. p. 159. (Thermal and electrical
conductivity).

1357. Potter Electrical Resistance and Thermoelectric Power of the
Transition Metals. Proceedings of the Physical SocietY,
Vol.53, Part 6, 1941, p.695,

13,5,8. Hidnert U.S. Bureau of Standards - V-19-1924 - P.429,. (Thermal
expansion).

13,58a. Tye Re f. 1009.b.

1358b. Douglass Physical and Mechanical Proper ties of Mo and M"o -5Ti.
DMIC Memo 14. April 1959.

13,58c. Houck Physical and Mechanica! Properties of Commerc'al M los

PMIC Report 140, November 1960.

5.6 Mechanical Properties Unalloyed Metal

1359. Bechtold & Mechanical Properties of Arc-Cast and Powder=Metallurgy
Scott Molybdenum. JES, Vol.98, 195,p45 (inluce f

fabrication method).

1360. Bechtold & Properties of Molybdenum a de by ArCatn ajdPdr

Scott Metallurgy, Metal Progress, Vol.61, No.4, 1952, p.92.
(Creep rupture tests at 900QC in H2 ).
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1361. Parke Ref.8928. (Vensil e properties up to 10500 t - tests in air with, Al
coatinig anisotropy a oduli up to 600-6C c reep rupture test
up to 110000).

1362. Parke The Axetility of Cast Mo~i TAIME, September 19:56, p1149
('ite of C).i

13,63. Harwood Tech-'o lojgy of M6 and its Alloys. Proce'edings,j Piabsee Sminar,
:Metal lwerk Plane, Reutte, Tyrol, 19155.

1864i .echtoid Efft of Uer~dI~to TSM l94i p. 1449i (I oft ce
of grain size).

13,65. Few Dutility of Vacuum HeataTreated M6 Wires. iOM,, February
1955. P.343i (Tests on ann~ealing :between, 2000 andi 98000oci
effett of annealing in several stages, effect of the speed of
raising the temperature and of the antnealing time),

1366. Long S~treftgth of Pure Molybdenum at 1,800 to 2,40Ci Metal
Progress, September 19,51, p.81. (Tests in He, tensile
properties, effect of rrystallization, effect Of the degree
of swaging, stress ru~pture at 1800 0P).

1367. gel k the Effect of Rolling Temperature on the Vechanica I Properties
of Molybdenum. LCM, April 106G, p.8,6.

1368. HalltTensile Proper ties of Mo from 2,500 to 3, 7000F. NASA Memo,
3 Sept.59 E, February 1959. (In vacuo) (Commercial Mo and
Mo+0.5Ti alloy as received or recrystallized).

1369. Perry Effective Heat Treatment of Mo. Metal'Progress, February
1959, p,75. (influence of annealing temperature).

1370. Pugh The Tensile Properties of Mo ait Elevated Temperat~re. TASM,
1955, p.984.

1371. Northcott Ref.570, pp158-80.

1372. Kbster Ref.1137. (Modulus from -180 to 2600 0C).

1373. Davis Ref. 1172.

1374. Qreen Short Time Creep Rupture of Mo at I,6002,5009C. TAIME.
Dec.1959. P.1061.

1375. lanucci Effect of Pres train and Polygonisation on Creep of Mo. AIME
Conference. Chicago, 4 Nov. 1959.

1376. Ran'sley Some Properties of Rolled Mlo Sheet. JIM, 1938, p. 205.
(Recovery T recrys5tallization).
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13717. custers Textures of Strai~ght or Cross Polled Md. Physlea, 12 Jutly

1378. Dyke Effec t of Pres trainig on keiy a 1iat*o Tem~p ra ture and
Mechan Ical Prop'er t 1es of Mo. NAPA T-N 29073, Julys 19 053. (~
tion between, ter nerature 61 recytaiizatibn a degr~ee of awagini -

,effect bf anntealing atrnbgphere m'u0etof p~roeties at

1314'. -Tensile Properties of Arc Cast Mo. Metal! Prgrt 155,p9
(Climax Mlybdehuim Ciimpany).i

1380. Nathtig9.ll R~f.1:2344 (G6awhs Showing effects of tirne and' tempeature9).

1381. Bruckart R9oomz Temperature Fatigue Propertlies of Mo. .JOM1, February
1955, 0.287. (Good endurance ratio)..

1382. Fischer Ductility of Cast Mo. Joni September 1950, p.1149.

1383. Bechtoldt The Ductile to Brittle Transition in Mo. Ref.572, P.241.
(influenlce of 1iurity concentrationis in, grain boundaries, of
gram Size, of Work hardening, Of dislocations barriers, of
finely dispersed second phase).

1384. Bechtoldt Effects of Temtperature on the Flow and Fro.cture Characteristics
of Molybdenum. JOM, Vol. 5, November 1953,, 0. 1469. (Ef fect
of temperature on the brittle properties of aninealed Mo).

13-85. Maddint The Behaviour of Mo Single Crystals under Various Stress
Conditions. Ref.572, p.214. (Sensitivity to strain rate-
role played by interstitials - work hardening).

1386. Chent Plasticity of Mo Single Crystals. TAIME. 1951, p.937.

1387. Chent Cold Rolling and Annealing Texture of Mo Single Crystals.

JOM, January 1953. p. 300.

1388. Haft Ref.671. (Ductile to brittle transition study).

13 89. Turyt Distortion and Yield Potnt of Mo. :Nature, 1937, p.30.

1390. Alerst Plastic Flow of MoQ at Low Tempera ture. TAINE. Auigust 1958,
p.523.

1391. Carrekert Tensile Drformation of Mo as a Function of Temperature and

Strain Rate. JOM, Febrjarly 1956, p,,178. (Tensile properties
of Mo as a function of temperature and rate of strain etests
from -196 to +1549C).

tIndicates a study dealing more especially with the ductilembrittle transition.
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1392. Ma-kint Irradiation Effect oft A16. JI M, QOtaber 195, p. 10.
{MWasurement Of tensile properties transition temperature).

13.933i H~endicksoh The Inittiaftio of Ditcon~ftinnout Yielding in Md. TASN Reoan
34, 19559; TASM1j 19056, ,P. 540.i

194. Johnstbnef Report oft Brittileness of Metal's m Mo. Austral ASia Engineer,
7 t.15,,.9

13,95. kifichin 1rradiation Damnage in Mo and W. J~ournal of Nuaiear grw-rgyj
Vol.6, .1958, pi.27

13,55a. Douglas's Rtef. 1358f.

1995. Freeman The Properties of Arc 'Cast Mo and tt Alloy't. Precedingst
Third Plaflsee 8eminar, Mtallwerk Plansee, Reutte, Tyrol,
Jlune 19,58, p.203.

18,05e. Brock Elevated Temiperatuire Tensile and Fatigue Properties of
Unal loyed Arc-Catting Mo. ASM Preprint 64, 1960.

18,05d. 814ikle Re~sistance a' la Fatigue Aii Mo. ONMA Report 2/2415MY.,
Doeffenbr 10'50;.

1895e. Weinstein Strain Rate and Temperature Pependence on the Ductile4rittle
Transitioh in Mo. WADO' TN 59 2,, 1959.

5.7 mechaical Properties - Alloys

1M6. Seffchysen Ref.572, pp.281m329. (101 alloys) (Meas'urement Of properties
after drawing and rolling of ingots of 8 in. diameter -Mom

Be alloys),.

1397. Semehysen Development of High Strengths and High Recrystlization
Temperature in 14o -Base AlIloys. USAF Proj ect 7351, Sept. 1958.
(Arc-cast). (Survey of optimum composition of alloys taking
account of the existing Meanis of manufacture and studies of their
fabrication mParticular study of alloys withibasic comp~osition
Mo-Ti-C. Detailed study of Mo + 0.5 Ti + 0.0,8 C + 0.08 Zr
alloy).
(Consideration of Mo + 2 Ti + 0.14 C and Mo + 0.5 Zr + 0.02 C
alloys).
(Recrystallization temperature tensile Properties at 1800 and
2400 0 F).
(Creep tests at 1800 and 2400'0F).
(Influence of strain on the possibility of recrystallization
during the tests).
(Microstnuctures in cast state).

SIndicates a study dealing more espeCially with the ductile-brittle transition.
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13,98. Jaf fee Powder Me tal lurgy ;M6 - Base Al loys ; Ref. 511, poi.330-364.
(Im~portnt notes on, the effect of TiO 2 - ZrO' 0, 1

1399. aruckart, Properties of Some Hydrogen Sin tered Rinary M6 Alloys. TAS,
193, i 2'86. 1(ffaIdtess and tensile strenlgth uip to 860C -

f avourab eff ect of W aCo Fe mS1i

1400'. Bruekart Molybdenaum Alloys. Ranid Corporation,, 25 April 155o. (Binary
alloys m articularly 6.25 S-1),.

1401 Mam, Ref.571. (Binary alloys mextrusion: - heat treatment-
Mo-Be0 alloys).

140.2. Preemani Ref. 814. (Tens~ile properties of Mo + '0.5 Ti UP, to 16oO00
gtress-rurpture strength uip to 20006P on Mo, + 0.5 Ti&
MO + .2L5 Nb + 1 V alloys; nie. f e~eyal

recrysta1 izatioil).

140S. Hiall Ref.i13,68i (Commercial Mo and MO + 0i.5 Ti alloy as received or
recrystallized).

1404. 01lds Addit ions Effec ts on the Duc t ility of6 s o TIE pi
1957, 0.468. (Arc-melted; samples Thiffluences of additions Oni
the transition temperature - favourable effect of Ti and Th).

1405. Bartlett Mo-Ni A116ys TME August 1958, -.58 (intering

oxidation resistance).

1406. Baird Ref.646. (Mo-Os alloys).

1407. Semfchysen Research on Mo at Climax. Ref.1160. (Mo-W alloys and
derivatives; for example Mo-25W - 0.11 Zr -0.05C).

1408. Rengstorff Molybdenum Alloys. -SpI NAD20291/85.(pcial
study of Mo"Th alloys (1-20%). Thorium assists the ductility).

1409. Kendall The Forgeability, Creep Strength, and D ctility of Moly~ieniga
et alii and Some of its Alloys. JIM, Vol. 82 94p3 (Sinee

binary alloys, hardness at 209. comreso cep at 10000C.

effect of addition of Cr, ductile-brittle transition),

1410. Geach Ref.651. (Workability - hot hardness T recrystallizatiofl).

1411. Spacil Ref. 744.

141-. Bruckart Ref.761. (Influence of additions of Ti, TiO2  Zr, ZrO2  Zn.
dispersed oxide strengthening phase).

1413. ILawthers Ref.746.
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1414. 18af Effeets of Hot-Cod Work on the Properties of Mo Allbysi
Ref.57z. ;(MO + Gi3 Nb and Mo + ae5 Ti alloys weffects on
the- ;time and temp1erature of recystilizatioi-tensile
properties at 9,8010C, creep ru~pture tests at 9801 0). See also
WADC Tit 56 454,.

1415.i Northcott Re f 70, pi 86. sinteredi alloys
p. 98 Arc cat alloys
p. 1,01 Arc cast and Wrought alloys.

14t6, 'Rengstorff & Cast Molybdenumn of Hi gh PurI ty.i JOM, Vol.4 , 1952,. p.157.
Fischer (Compressive creep at 10000C on sintered alloys).

1417. Parke Ref .8 28.

,1418. Ressler A Study 6f Are Mel!t ed Mo-Cr AllIoys. TASM, 1550i, p.1008;i
Steel, 10/10/49, p.i147. (Up to H6% Cr).

1419. Goussel aM. Ref,1341. (G4eneral properties uip to 10966C of the Mo + m. Ti
all1oy),

1420. Timmons Mo A116ys. Fe Pto 6.7. (With Zr and addition Of
Ti-Co-Nb-V, tensile properties and creep up to 10906C).

1421. Monroe Ref.130,8. (Influence of the addition of Ti on the transition
temperature).

1422. Pipitz Hot Hardness of Some Binry Ala Alloys. Powder Metallurgy
Bulletin, April 1956. p.146. (Sintered alloys, hardness up to
8006C).

1423. Chang Effect of Carbide Dispersion in Mo Alloys. TAIMIE, April 1960,
p.254.

1424. Timmons Develo merit of Mo Base Alloys, ASM, 1959. Fabrication of Mo,
p. 19.

1425. -Mo-O.5 Ti Coated with Ghromal lay W2, BMI, 13/2/59. (Tests on
tensile creep in air from 2400 to 30009F).

1426. Ham, Canadian Patents 528.746 (Mo Ti)
528. 747 (MQ V)
528. 748 (Mo-Nlb)
528.749 (Mo-Ta)
528.750 (Mo-Zr).

1427. Jaffee P wder Metal lurgy Mo-Base Alos MeamoknNvrie
1956, p. 44.

1428. Kieffer Sintered and Cast Mo Alloys, Metal Working, November 1956, PI.6
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1429,. Klodt The Effect of SelectedfRare Earth Addit ion on the 'Removal of
InterastitialS. UfiiVersity of DenVer, NAS .8 ' May 195,9.
(Additions of tCe La- YzYb Cd u~ihardness tests oft chat buttons).i

1430.4 Hugues Thed Alloys of Rt with Mai Proceedings, Plansee seninar,
Metaiiwerk P1&hsee, Reuittei Tyrol, 19165,

1431. Jaf fe e Effe-c-t of Ad on Mo. Proceedings, Plarhsee Semnax, Metallwerk
Plansee, ReuttO, WyDi~ 195,8.

1431A. Douglas's Ref. 13,58b.

1481b. Houck Ref. 1350C.

1481c. Nelson ke f i 4 4a.

1431d, Nouck Review of Recent Developments in the Teeh-6ooy of Mo datd Mo
Alloys. DMI-0 Memho 96, April 1961.

143le. Mukherjee Har~dening of Alo Alloy by Nitride DiSpersioni JLCM, No. 5,
Otober 156a, 0. 392.

1431f. Ogden Statistical Analysis of Mechanical Properties of MO 0.5 Ti
Sheet. DMIC Meorh 101, April 1961.

143,19i Achbach Preliminary Designi Information on Mo - 0.5 Ti Alloy. DMIC
Memo 79, January 1961.

1481h. Semchysen Mechanical Properties of Mo and Mo Base Alloy Sheet. ASTM
Special Technical Publication 272, 1960.

14311. SenchYsen Development of High Strength in No Alloys. WADC TR 5M~51,
1958.

1431j. Semchysen Investigation of ffot GoldeWorking Mo Alloys. -AP T -75
1956.

143M. Semchysen Deelopm t of Q~ BaeAly.WD R 59e.280, 1959.

14311. Semch sen A iqge e Mo. Brevet Francais 1.233.810, May 9 0

58Welding

1432. Johnston Mo Welding. WADC TR 53-60, July 1953. (Ductile welds).

1433, Nortbcott Ref.570, pp.190-218. (General survey of possible Processes).

1434. Monroe Ref.1308. (Determination of transition temperature by bend
tests - effect of fabrication and preparation conditions -

favourable effect of adding Ti or C).

-124-



1435. KulJu, Weldintg of.Mo6O. Ti Alloy. We! ding Journal, October 1958.
0.440's. (Tensile properties of joints up to 12406

C in! vacuo

bend tests from, 201 to 1506C).

1436. Weare Duetility of Tungsten - Arc Welded M6; Weldih-g jounal,
June 197,P191 -s and RMI 1139, 1/16/5,6i (Efifect m sneasure-
mhent iby beid, tests of fabrication conditior, bperating
conditions, of the p~roportion of C mstatistical tests of
reprodueibil itY) .

14874 Hardwood. Ref. 511. i(Platte.-Weldiiig of Mo. pi.151. (Ifnfluenci'e of thfi
adidition-bOf Ti meffect of ilmpurities))
(Monroe:Bazing 6f Mo. Oi.192) i

143:8. c ox Welding oand Brazing Rtef radtory Metals. Ref. 1071.

'40iPlatte Influence of 02 on M6 Welds. Welding journal, August 1956, P;3,69 s

144l -ltt Ifuce of N on*M Welds. Wl ding journal, August 1051,

p.301 S.

1442. Perry Effective Heat Treatment of Mo. Metal Progressi Feb.19554,j O.

(Application to weldinig).

1443. Heuschkel Welding High Purity Mo. Iron, A0e, 16 DeC.1948.

1444. Kearnis Some Recent Advances in Welding Mo. Welding Journal, Nov. 195?,

1445. Weare Inert Gas Shield Consumable Electrode Welding of Mo. Welding
Journal, March 1958, p.117 s.

1446. Martin Welding of Mo. Fabrication of Mo. ASM, 1959, p.63.

144. PrryEfect of Oxygen on Welding nd Brazing Mo. Welding journal,

1954, p.442 s.

1448. Hoppjn Brazing of Mo. Fabrication of Mo. ASM, 19,59, p.77.

1449. Jones Ultrasonic Welding. Fabrication of Mo. AS5M. 1959, p.88.

1450t Weare Welding arnd Brazing of MoQ. DMIC TR 108 (Pb 15.1003)?

1451L Weare Welding and Brazing of Mo. DMIC. 1/3/59, ASTIA-AD-210-86.

1452. Johnson Joining of Mo. Welding Journal, September 1954, p.449 s.

15,Jacobson Brazing MoQ. Welding Journal, 1955. P@65 sI

1454, MoSS The Pressure Welding of Mo. JIM, Vol.82, 1954, P.374 (Shock
effect, influence of inserts).

There is no Reference No.1439.
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1455. Monrtoe Welding of M6 Heata~xchangers. Welding MJurali December

195.6, pi 122.

1456. Yntemit Uef.09.i (Resistaftee weldifng, are-weldiflwg)i

14'57. Nippes Flash Welding M6. Tool Engihneer, January 195%r pi.21120

Wel ding Jourtnal, 10,55, aii. 132 s and 251 s

1458i Hardin welded M6. ut.s. Patent 1,.698.019, Jan. 195i

1458a. Thnorn Properties of Flash Welded Moi weldinig .Jourfal, April 1961i
P'Al60' s.

145-8b. P av Iak -Mechanical Properties of Mo Welds below 700"F. Weldini
Joulrnal, Vol.40, No.5, May 1961, p.197 s.

5.9 4iscellanieous

1459. Coons Fractographic and Metal lographic Techniques for Mo. Rei52
pi 394i

1460. Makin Irradiation Effect on Mo. JIM, Otober 19157. p.108.

1461. Bruch Effibrittlernent of Mo by Neutron Ra.diation. JOM, February 195,5,
p.281. (Irradiation at 566C, Several tests at 40000).

1462. Martin Ref.750. (Effect at 140 18G0C).

1463. Peiffe.r Ref.751. (Study of the effect of the impurities 02 W w C on
the variation of resistivity at 145 0 C).

1464. Davis Ref. 1172.

146,5. Reed Stability of Refractories in Liquid Metals. Journal of the
American Ceramic Society, March 1954., p. 146.

1466. Hunter Thermal Shock Testing. AS1! Special Technical: Pblication
174, 30 June 1955, p.164.

1467. Buchheit Ref. 1083.

14%8 jacquet Polissage Electrolytique du Mo. (Electrolytic Polishing of
Ma&). JLCM, Dec. 1959, p. 439.

1469. Taebel Machining of Mo. Fabrication of Mo. ASM, 1959, p. 134.

1469a. Steinbrenner Mo, a Material fr Steel ~xrsinDe.Metal Progress,

May 1950, p.116.

14691b. Levinstein Properties of Plasma Sprayed Materials. Welding Journl
Vol.40, No.1, January 1961. p98 s.
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APPIENDIX,

NOTE AND, ABBRRIEVIAT-11NS USI96 m PARTS 111 & IV

o tes

SSystems of which a complete knolwedge, in, rlation to the material under d~fsider
atioti is rearded as iitere~tiftig

S ystems, a knwledige of whith appears useful.

abic etti after a number indicates Onily that the reefte was added. at a later
stage, i.e. after the nufflbetig Of the tftrefieg had been cofflleted.

ABB8-REVI ATIO- ,N!S

AC Acta Chemica Scandihavica

AIME Americanl Institute of Metallurgida engiheers

ASM American Scoeity of meta91ls

ASME American~ Soc iety of Mechanical Enginieers

ASST American Society for Steel Treating

ASTM, American~ Society for Testing Materials

BMI Battelle Memorial institute

DMIC Defense Metals Information Center (Battelle Memorial Institute)

JAP journal of Applied Physics

JES Journal of the Electrochenical Society

JIM, Journal of the Institute of Metals

JLCM Journal of Less Common Metals

JOM Journal of Metals

M-AB Materials Advisory Board (US)

MIT Massachusetts Institute of Technology

NACA NainlAdvisory Committee for Aeronautics

OSR Office of Scientific Research (US)
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TAItME Transactions of the Aff-eican, Institute Of Metallurgical gnginers

TAWM Transaction o~f th,6 Amierican So-ciety of metals

TASME Transactifns o1 the Americ~an Society 6f mechaicai E9fgiftees

W-A, A United! kin~gdoii. Atomiic Etl~tgy AuthOrity

USAEC, Uited, States Atoici En~ergy Commhission

WADC Wright Air Develonnefit Center (US),

WADD Wright Air Developmefit Division

ZAC Zeitschrift fur Anorganische und Al1gemlie Chernie

ZK zeitathrift fu"ir Krigta11ogtaphie

ZiM Zeitsohrift fir Meta~likuhde
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